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Hydrocarbon contaminated soils at industrial and waste 
disposal sites are a persistent source of recurrent 
groundwater pollution. Enhanced bioremediation is a 
promising remedial technology in which oxygen and mineral 
nutrients are introduced to accelerate contaminant 
biodegradation into harmless carbon dioxide and water. 
However, biodegradation rates may still be limited by the low 
water solubility of many petroleum based contaminants.
Flushing the soil with a surfactant solution may enhance 
subsequent bioremediation by reducing soil-bound contaminant 
to practical levels, and by increased solubilization of 
residual contaminant to increase bioavailability. With over 
13,000 commercially available surfactants and little 
demonstrated use in environmental cleanup, a rational method 
for surfactant selection and screening is needed.
Based on analysis of structure-function relationships, 
representative nonionic and anionic surfactants were selected 
and investigated for compatibility with soil bacteria and 
performance in removing residual hydrocarbon contaminants 
from soils. Dodecane and tetradecane were model L NAPL’s 
(lighter-than-water non-aqueous phase liquids) for diesel 
fuel contaminants and commercial creosote was the model DNAPL
iii
T-4054
(denser-than-water non-aqueous phase liquid) polynuclear 
aromatic contaminant.
Soil bacteria acclimatized to creosote were not 
inhibited in aerobic cultures by dilute aqueous anionic and 
nonionic commercial surfactants. Stimulated growth was 
observed after nonionic glycolipid surfactant washing of a 
creosote contaminated soil sample. Changes in microbial 
population distribution were also observed.
Physical properties of surfactant solutions were 
evaluated, including aqueous solubility, foaming, ternary 
phase behavior and interfacial tension with model LNAPL and 
DNAPL contaminants. Translucent microemulsions containing 
from 8 to 94 volume percent dodecane were obtained with 
dilute solutions of certain nonionic surfactants and 
surfactant blends with hydrophile-lipophile balance (HLB) of 
about 10. Clear tea-brown solutions containing up to 8,000 
ppm of dissolved creosote were obtained with other nonionic 
surfactants of HLB about 14. These results demonstrated the 
potential for enhancing solution concentrat ions of 
hydrocarbon contaminants and consequently for enhancing rates 
of biodegradation.
When the observed physical properties were correlated 
with contaminant removal efficiencies in various shaker and 
column flushing regimes, the hydrophile-lipophile balance was
iv
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found to be the most useful indicator of extraction 
performance. The initial choice of surfactant candidates may 
thus be reasonably limited by selecting a surfactant with an 
HLB value to match that of the hydrocarbon contaminant, 
although other aspects of phase behavior still need to be 
considered. A novel thin layer chromatography (TLC) method 
was demonstrated to efficiently model the creosote removal 
data and correlate with surfactant HLB.
Analysis of relevant soil washing mechanisms suggested 
that solubilization was dominant in these experiments, unlike 
p e t r o l e u m  enha n c e d  oil recovery where hydrocarbon 
displacement by IFT lowering is the dominant recovery 
mechanism. Since formulation of ultra-low IFT flushing 
solutions with additional surfactants, cosurfactants and 
e l e c t r o l y t e s  may be incomp a t i b l e  with subsequent 
bioremediation, and since soil geophysical properties 
preclude sufficiently high flow rates to displace residual 
hydrocarbons, in-situ displacement by IFT lowering may not be 
viable for environmental cleanup. Thus, nonionic surfactant 
solutions with superior contaminant solubilization may be 
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1.1 Objectives and Scope
The purpose of this research was to develop and 
demonstrate a surfactant selection protocol for improved 
treatment of hydrocarbon contaminated soils. The
experimental focus was on extraction of adsorbed hydrocarbons 
from contaminated soil by washing with aqueous solutions 
containing a few weight percent of selected surfactants. A 
key objective was to apply a scientific basis for chemical 
selection and avoid empirical screening as there are over 
13, 000 commercially available surfactants (Ash, 1988) . This 
basis is the structure-function chemistry of surface-active 
compounds . Understanding of how molecular structure 
influences interfacial phenomena allows one to streamline the 
selection process and deduce the needed chemical type from 
the desired function.
Application of a structure-function analysis to 
contaminated soil washing required identification of the 
potential hydrocarbon release and recovery mechanisms, 
determination of the required surfactant physical properties, 
selection and location of specific products, and development 
of useful laboratory methods for performance assessment.
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Although preliminary investigations were conducted in the 
phase behavior of surfactants with model diesel hydrocarbons 
and contaminated sand, the main focus was on surfactant 
behavior with coal tar creosote and creosote contaminated 
soils. Certain polynuclear aromatic compounds (PNA's) found 
in creosote are a much greater environmental threat than 
aliphatic and low molecular weight aromatic hydrocarbons 
found in diesel fuel and are listed in the first priority 
group of hazardous substances (Federal Register, 1990, 1989,
1988) .
Recognizing the growing use of biorestoration in 
groundwater and soil cleanup, a further goal was to ensure
that the candidate surfactants would be non-toxic and
compatible with a biorestoration process. Surfactant 
flushing is envisioned as a pre-treatment to reduce high 
(toxic) contaminant levels to some intermediate value which 
soil microorganisms can then tolerate and utilize as a
substrate, or as a solubility booster to accelerate 
biodegradation of residual hydrocarbons. Thus, release of 
surfactant solutions to an aquifer would require a non-toxic 
and biodegradable material. Above-ground treatment of 
produced waters in a bioreactor or public sewage treatment 
plant would also require a non-toxic and biodegradable
material. All candidate surfactants were pre-selected based
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on biodegradability information and then screened in live 
soil cultures prior to evaluation of physical properties.
1.2 Background
The publication of Rachel Carson's "Silent Spring" 
(1962) and Barry Commoner's "The Closing Circle" (1971) was a 
catalyst for growing public interest and concern in the 
quality of the environment. The impact of air, water and soil 
pollution caused by technology development was brought to 
public notice with the occurrence of the Kepone pesticide 
disaster in Hopewell Virginia in 1975, the Love Canal toxic 
waste disaster in Niagara Falls in 1976, and the dioxin 
explosion disaster in Seveso, Italy in 1976 (Wentz, 1989). 
Important legislation in the seventies recognized groundwater 
quality as an important issue, covered in:
National Environmental Policy Act of 1970 
Federal Water Pollution Control Act of 1972 
Toxic Substance Control Act of 197 6
Resource, Conservation and Recovery Act of 1976 (RCRA) 
Clean Water Act of 1977
Surface Mining Control and Reclamation Act of 1977 
Safe Drinking Water Act of 1979
Comprehensive Environmental Response, Compensation and 
Liability Act of 1980 (CERCLA).
The common goal of these acts was to prevent 
contamination at new industrial sites and restore old sites 
to pristine conditions. This is a form of risk reduction for
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human health effects since 95% of U.S. fresh water supply is 
groundwater (Josephson, 1980) and 50% of US citizens obtain 
all or part of their drinking water from groundwater (Lobel, 
1986) .
For decades industrial waste disposal favored land 
burial because of cost, convenience, and the belief that any 
leachate would be filtered by the soil and/or bacterially 
decomposed: it was thought (mistakenly) that groundwater
supplies were safe from pollution (Ghiorse and Wilson, 1988; 
Bitton and Gerba, 1984). The discovery in the seventies that 
land burial was not a permanent containment of pollutants led 
to a shift in hydrologic investigations from water supply 
issues to delineation of underground contaminant movement 
(Anderson, 1987).
Numerous sources of groundwater contamination were 
identified including domestic wastewaters, active and 
abandoned industrial sites, corroded metal underground 
storage tanks, agricultural spread of pesticides and 
fertilizers, and airborne fallout of toxic particulate matter 
originating from smoke, flue dust, and aerosols (EPA, 1985). 
Table 1. 1 summarizes the sources of groundwater quality 
degradation.
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Table 1.1 Sources of Ground-Water Quality Degradation
5
A. Ground-Water Quality Problems that 
Land Surface
Originate on the
1 . Infiltration of polluted surface water
2. Land disposal of either solid or liquid wastes
3. Stockpiles
4 . Dumps
5. Disposal of sewage and water-treatment plant sludge
6. De-icing salt usage and storage
7 . Animal feedlots
8. Fertilizers and pesticides
9. Accidental spills
10 . Particulate matter from airborne sources
B. Ground-Water Quality Problems that Originate in the
Ground Above the Water Table
1 . Septic tanks, cesspools, and privies
2 . Holding ponds and lagoons
3. Sanitary landfills
4 . Waste disposal in excavations
5. Leakage from underground storage tanks
6. Leakage from underground pipelines
7 . Artificial recharge
8. Sumps and dry wells
9. Graveyards
C. Ground-Water Quality Problems that originate in the
Ground Below the Water Table
1 . Waste disposal in well excavations
2 . Drainage wells and canals
3. Well disposal of wastes
4 . Underground storage
5. Secondary recovery
6. Mines
7 . Exploratory wells
8. Abandoned wells
9. Water-supply wells
10 . Ground-water development
(EPA, 1985)
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The consequences of contaminated soil and groundwater 
are serious: toxic contamination of the drinking water,
destruction of a water supply for domestic, industrial or 
agricultural use, and fire or explosion hazards from released 
combustible liquids and vapors.
Estimates of the number of Superfund sites (Wentz, 1989) 
indicated the existence of about 10,000 hazardous waste 
sites; only 1200 have been listed on the National Priority 
List and are currently eligible for emergency remedial 
action. The leaking underground storage tank (LUST) problem 
was acknowledged by the EPA (EPA, 1983) to be a major 
pollution problem of the eighties and a "buried time bomb". 
The realization that 10 to 35% of an estimated two million 
near-surface underground storage tanks in the U.S.A. were 
leaking (Hinchee et a l . , 1989) spurred an exponential
increase in remediation research and engineering. A 
comparison of the publication dates of one thousand papers in 
groundwater and soil contamination yielded the following 
results : 2% up to 1959, 7% in 1960 - 1969, 29% in 1970 -
1979, and 62% in 1980 - 1988 (Khondaker et a l ., 1990).
After a decade of intense activity and learning 
experience, what is the current status in groundwater and 
soil contamination and cleanup? The average cost of an 
underground storage tank site cleanup is $100,000 per site;
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the most common remedial approach is still excavation and
landfilling in a secure site (Bruck, 1991), the number of
which is rapidly diminishing. Of the 1200 sites on the 
Superfund National Priority List to date only 27 have been 
cleaned up at a cost of $3 billion (Hazardous Materials
Control, July/August 1990) . Cost estimates for the remaining 
sites vary from $20 billion to over $100 billion (Hair,
1990) .
The U.S. currently spends $115 billion a year, or 2.1% 
of gross national product to meet the requirements of the 
various environmental laws. The cost distribution among 
water, land and air is about 43%, 26%, and 29% respectively 
(Lobel, 1991) . The combined total for land and water is 69% 
yet two recent reviews of the technical accomplishments that 
this money has funded have both indicated significant
shortcomings in the area of aquifer cleanup. Travis and 
Doty, (1990) state that regardless of cost, it is technically 
impossible to restore contaminated aquifers to health-based 
standards with pumping-and-treating, and that they were 
unable to confirm a single case of restoration success with 
this method. Freeze and Cherry, two recognized leaders in 
hydrogeology, reached the same conclusion (1989) and 
emphasized that restoration to drinking water standards of
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aquifers contaminated with denser-than-water liquids 
(DNAPL's) is unachievable at any cost.
Thus a decade of work in groundwater and soil 
remediation has fallen short of hopes and expectations. The 
limitations of conventional technology such as pump and treat 
(Mercer et al., 1990) and lack of proven cost-effective 
alternatives are driving a political movement to consider 
revising legislated cleanup goals, a shift towards 
containment rather than remediation of polluted sites, and a 
shift in regulatory focus to protection of as-yet clean 
groundwater resources ( Travis and Doty, 1990; Freeze and 
Cherry, 1989) . The need for improved remediation methods is 
great.
1.3 Current Technology
Figure 1.1 illustrates two types of chemical spill that 
may contaminate soil and groundwater. Figure 1.1(a) shows a 
lighter-than-water non-aqueous phase liquid (LNAPL) and 
1.1(b) shows a denser-than-water non-aqueous phase liquid 
(DNAPL). Depending on the age and magnitude of the spill, 
immediate recovery may be possible by excavation and removal 
of the soil. Often by the time the spill is discovered, the 
contaminants have migrated in the direction of the natural 
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Figure 1.1 Schematic representation of (a) LNAPL and
(b)DNAPL movement through unsaturated soil into 
the saturated zone (Pinder and Abriola, 1986).
T-4054 10
components has spread laterally on the water table, and the 
plume of DNAPL’s has sunk to a geologic barrier.
Installation of recovery wells downgradient may recover 
water containing dissolved material, but complete aquifer 
clean up is impossible. Fifteen to forty percent of the soil 
pore space may be occupied by low solubility organics 
adsorbed on the soil particles or trapped by capillary forces 
(Wilson and Conrad, 1984). This residual mass continuously 
releases low levels of dissolved contaminant. As shown in 
Figure 1.1, this can occur both above and below the water 
table.
The consequences for attempted recovery by pumping out 
aquifer water is shown in Figure 1.2, from Keely et a l . 
(1987). Figure 1.2 shows a rapid initial decline in organic 
concentration with removal of free product followed by an 
asymptotic approach to some steady state value determined by 
the solubility of the residual contaminant and pumping flow 
rate. Cessation of pumping allows re-equilibration and a 
potential rise in solution concentration to levels above the 
permissible cleanup targets. Engineering attempts to cope 
with this include on/off cycling of the pumping (Keely, 1987) 
and increasing the hydraulic gradient to displace more 























Figure 1.2 Concentration versus time for pumping
groundwater to remove low solubility organics. 
The three year time window is a typical 
regulatory criterion for maintenance of minimum 
remediation concentrations for site closure 
(Keely, 1987).
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At best these groundwater recovery approaches address 
the symptoms, and not the cause of the problem: a reservoir
of contaminated soil. Controlled laboratory studies have 
measured from 2.7 - 12.2 wt% of residual gasoline retained 
in soil, the amount depending inversely on particle size and 
degree of moisture (Wilson and Brown, 1989) . Field 
experience and modelling analysis indicate that pump-and- 
treat restoration could take thousands of years for low- 
solubility hydrocarbons such as jet fuel (Hall, 1988). Thus, 
in an overview of API ground water and soils research 
(Hockman, 1990; API 1986) it was concluded that pumping and 
treating in perpetuity is not cost-effective and that in-situ 
venting and stimulated biodegradation are more promising. 
Venting is applicable to volatile contaminants, and is not 
considered in this thesis.
There are several attractive features of stimulated or 
enhanced biodegradation. First, the organic contaminant is 
not merely displaced but destroyed: complete mineralization
produces CO2 and H20 with some organic conversion to produce 
cell biomass. Second, both dissolved contaminant and 
residual soil-bound contaminant are degraded. Third, the 
operating costs for field treatment are often less than 50% 
of pump-and-treat alternatives to reach the same treatment 
goals (Wilson and Brown, 1989).
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The problem is that natural rates are slow and often 
limited by oxygen and nutrients. The concept of accelerating 
this natural process by the injection of an oxygen source and 
inorganic nutrients such as nitrogen and phosphorus salts 
was demonstrated by Raymond (1974) . The first successful 
demonstration occurred only sixteen years ago on a gasoline 
spill at Ambler, Pennsylvania in 1975 (Lee, Jamison and 
Raymond, 1987).
Figure 1.3 illustrates injecting nutrients into a 
contaminated soil to stimulate biodegradation by indigenous 
soil bacteria. Since Raymond's first success numerous 
versions of in-situ and on-site bioremediation have been 
tried and reviewed (Morgan and Watkinson, 1989; Sims et a l ., 
1989; Torpy et a l ., 1989; Wilson and Brown, 1989; Lee et al., 
1988; Lee et a l . , 1987; Wilson and Ward, 1987; Parkin and
Calabria, 1986; Wilson et a l ., 1986) . In the Ambler case,
complete degradation of about 1,000 gallons of high octane 
gasoline was reported such that after 10 months no gasoline 
was detected in sampled groundwater.
The minimum concentration of hydrocarbon that can be 
achieved is unknown, and likely site and consortium specific. 
Less than 1 ppm final concentrations have been reported for a 
variety of organic substrates and target levels as low as 1 
ppb have been suggested as biologically feasible (Hunter,
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Figure 1.3 Two configurations for in-situ enhanced 
biorestoration:
(a) injection through supply wells
(b) injection through infiltration galleries
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1989; Lee et a l ., 1988; Lee, Jamison, and Raymond, 1987; Lee
Wilson, and Ward, 1987) . Some common problems and 
limitations have been noted, including difficulty controlling 
oxygen levels (Hinchee et a l . , 1990), biomass pore-plugging
if aerobic biorestoration is stimulated before physical 
recovery of excess organic substrate (Schaffner et al., 
1990), and inefficient injection sweeps in low permeability 
aquifers (Lee, Jamison, and Raymond, 1987).
Other cleanup technologies besides venting and 
b i o r e m e d i a t i o n  have been proposed, but are still 
developmental or limited in applicability (not in-situ). 
These include various physical processes such as 
solidification, stabilization, and vitrification; various 
chemical destructive processes such as neutralization, 
UV/ozonolysis and catalytic oxidation; various thermal 
processes such as incineration, plasma pyrolysis, infra-red 
thermal destruction; and various extractive processes such as 
solvent extraction, and batch soil washing (EPA, 1989).
Soil washing, in-situ or batch, has recently been 
recognized as an important developing technology and area of 
investigation (Abdul et a l . , 1990, Leuschner and Johnson,
1990; Porcuzek, C., 1989; Raghavan et al., 1990; Green, 1989; 
Peters et al., 1989; Sale et al., 1989; Vigon and Rubin, 
1989; Wilson, D.,J.,1989; Gannon, 1988; Trost et al., 1988;
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Lee et a l ., 1988; Tuck et al., 1988; Ziegenfuss, 1988; Nash, 
1987; Wilson, J. T. and Ward, 1987; TRI, 1985, 1979; Ellis et 
a l ., 1985). Most of the experimental work from these studies 
involved empirical surfactant screening in laboratory column 
or sandbox regimes. Of the two reported field tests, one was 
an unqualified failure (Nash, 1987) and the other is still in 
progress, - with favorable preliminary results (Sale et a l ., 
1989).
1.4 Need for this Research
The objective is to develop a surfactant selection 
protocol for soil washing to enhance bioremediation. The 
separate problems described for regular pump-and-treat and 
enhanced biorestoration could each be addressed by the use of 
surfactants.
A properly formulated surfactant flush could reduce the 
amount of residual hydrocarbon, thereby decreasing the time 
to reach pump-and-treat cleanup goals. A first reduction in 
amount of oily contaminant could relieve microbial inhibition 
from toxic amounts of contaminant, and improve the contact 
with water and nutrients that soil microorganisms need. A 
further reduction in the amount of contaminant could improve 
engineering control of the bioremediation process by 
decreasing the bulk hydrocarbon oxygen demand and pore-
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plugging from too-rapid growth. Furthermore, the surfactant 
solution could solubilize high-molecular weight hydrocarbons 
such as polynuclear aromatics (PNA's) and increase their 
availability as a microbial substrate. This could accelerate 
degradation of contaminants that are a multiple health hazard 
due to toxicity, mutagenicity, teratogenicity, and 
carcinogenicity (Flesher, 1985) . A surfactant flood could 
also increase the mobility of micron-sized microorganisms 
through the soil matrix thereby increasing the volume of soil 
that can be treated in a given time.
All of these effects are potentially favorable; however
there are insufficient data to quantify the benefits. 
Furthermore there is significant risk that an improperly 
formulated surfactant flood could kill the indigenous 
microflora, precipitate dissolved salts from the groundwater, 
and plug the aquifer with viscous emulsions (Union Pacific, 
1988; Abdul et a l ., 1990; Lenahan, 1989; Nash, 1987;
Ziegenfuss, 1987) . Knowledge and data on how to design and
control the process are essential.
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2.1 Commercial Surfactant Structures and Sources
Surfactant structure, cost, and availability will all 
influence the selection of candidates for soil flushing. 
Surfactant is an abbreviation for surface-active agent. A 
surfactant molecule contains a polar hydrophilic head group 
covalently bonded to a hydrophobic hydrocarbon tail. The 
result of joining such chemically disparate moieties into one 
molecule is to induce solution aggregation phenomena, and to 
enhance adsorption at dissimilar solid/liquid, liquid/liquid, 
and liquid/air interfaces. Surfactant concentration at the 
interface lowers the energy of the interface, enabling such 
well known phenomena as solids dispersion and suspension in 
liquids, oil-water emulsification, and foam stabilization.
There are four general classes of surfactants which are 
classified by the charge on the polar head group: anionic
(negatively charged), nonionic (charge neutral), cationic 
(positively charged), zwitterionic and amphoteric (both 
positively and negatively charged). Surfactants from any 
group will consist of a hydrocarbon chain of approximately 12 
to 20 carbon atoms connected to the head group. Table 2.1 
lists typical hydrophilic head groups.
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Table 2.1 Commercial Surfactant Head Groups
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Family Type Functional Group Formula
Anionic Sulfonate R-S03“ m +
Sulfate R-0S03" M +
Carboxylate R-COO- M+
Phosphate R-OPO(OH)0_ M+
Cationic Ammonium RxHyN + X“ (x+y = 4)
Quaternary Ammonium R4N+ X“
Amphoteric Betaine r 1r 2h n +c h 2c o o ~
Zwitterionic Sulfobetaine r 1r 2h n +c h 2c h 2s o 3~
Nonionic Polyoxyethylene R- (OCH2CH2) n0H
Sucrose R-O-Cg^O (OH) 3-0-C6H7 (OH) 4
Polypeptide R-(NH-CHR-CO)n-NH-CHR-C002H
R denotes the hydrocarbon tail, which may be of variable 
aliphatic, alicyclic,or alkyl aryl composition. 
x,y, n are stoichiometric coefficients.
M + denotes a metal ion such as sodium, potassium, etc.
X- denotes a counterion such as chloride, bromide, hydroxide, 
e t c .
The composition of these four groups reflects the 
primary synthetic pathways, summarized in Figure 2.1. 
Surfactants are specialty chemical s that are sold for 
particular uses or functions rather than for their 
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Figure 2.1 Pathway of major raw materials, intermediates 
and final surfactant types. Many other 
combinations of intermediates and synthetic 
treatments are possible and practiced.
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$.55 /lb for 6.79 billion pounds production. The anionics 
are the largest volume (66% production) and least expensive, 
averaging $ .32/lb. The nonionics are the next largest
group, with 24% production volume and intermediate costs from 
$ .45 to $1.00/lb. Cationics and zwitterionics are much
smaller volume, 9% and 1% respectively and more expensive, 
from $1.25 to $3.00/lb.
Table 2.2 is a compilation from several sources of 
commercial uses and functions of surfactants. Not one source 
indicated the possibility of environmental remediation such 
as soil flushing or enhanced bioremediation. However, 
inspection of the uses and functions in Table 2.2 will 
suggest certain analogies that will later assist in 
surfactant selection for environmental cleanup.
2.2 Biosurfactants
Wilson (1985) suggested that biosurfactants could 
enhance degradation of organic pollutants in aquifer 
environments by improving hydrocarbon solubilization, 
dispersion, and bacterial attachment to hydrophobic organic 
surfaces. He described the need for development work, as 
introducing a biosurfactant producing strain into an aquifer 
and controlling the resulting competition with the endogenous 
acclimated populations could be tricky. Wilson later
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plasticizers, mold release 
wetting, thickening, detergency, 
lubrication, antistat, softening 
flocculation, anti-foaming, corrosion 
inhibition, scale inhibition
compiled from Greek, 1991, 1990, 1989; Horowitz and Currie,
1990; Currie et a l ., 1990; Karsa, 1989; Myers, 1989; Cahn and 
Lynn, 1979; Narayan, 1985; Rosen, 1985; Rosen, 1978.
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suggested (1987) that biosurfactant production would occur 
naturally by indigenous microbes, and that addition of 
bacteria was unnecessary.
Ehrlich et al. (1985) reported laboratory enrichment 
experiments with soil bacteria acclimatized to jet fuel. 
When liquid jet fuel was added to cultures enriched with 
nitrate and phosphate, a white emulsion formed. Because no 
emulsion formed in the unenriched control cultures, the 
emulsion formation was attributed to biosurfactant production 
by the stimulated organisms. In contrast, Vanloocke et al. 
(1979) reported microbial release of oil from laboratory soil 
columns without any signs of emulsification; the mechanistic 
cause of the improved recovery was attributed to some 
unidentified microbial metabolite. Lee, Jamison and Raymond 
(1987) also attributed additional free product recovery 
during stimulated aquifer remediation to microbial activity, 
but specifically tied the release of trapped organic 
contaminant to excreted biosurfactants.
Although the mineralization of organics by enhanced 
biodegradation is well documented, none of the above groups 
provided data to specifically attribute nor quantify the 
improved degradation and/or release from soil to production 
of biosurfactants. Still, it is an attractive and intriguing 
possibility, as researchers studying the metabolism of
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hycrocarbons by microbes have long observed emulsification of 
the oils studied (Zajic and Panchal, 1976).
Biosurfactants are simply surfactants produced by 
organisms. The exact role of biosurfactants is not clear: 
multiple functions are likely, depending on surfactant 
location. Extracellular biosurfactants may be excreted to 
aid solubilization and emulsification of hydrocarbon 
feedstock. Cell wall associated biosurfactant could modify 
external cell recognition processes, facilitate adherance to 
hydrophobic feedstock, modify transport through the cell 
wall, and provide structural integrity (Robb, 1990; Zajic and 
Mahomedy, 1984).
Biosurfactants first gained attention in the late 
seventies and early eighties for potential use in microbial 
enhanced oil recovery (MEOR) analogous to synthetic 
surfactants in chemically enhanced oil recovery (Hommel et 
a l ., 1986; Vater, 1986; Parkinson, 1985; Brown et al., 1985; 
Atlas, 1984; Finnerty and Singer, 1984a, b; Singer et a l ., 
1983; Zajic et a l ., 1983; Cooper et al, 1981; Broderick and
Cooney, 1981) .
A significant mechanism of MEOR was later understood 
(Updegraff, 1983) to consist of bacterial pore plugging of 
high permeability zones. This minimized viscous fingering 
b reakthrough and improved flood sweep efficiencies.
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Scientific interest has since shifted from microbially 
enhanced oil p r o d u c t i o n  to microbially enhanced oil 
destruction (Brown, 1987).
Many organisms can grow in water with hydrocarbons as 
their sole source of carbon and energy. Since the aqueous 
solubility of hydrocarbons is low, hydrocarbon-degrading 
organisms produce and excrete natural emulsifying agents, or 
biosurfactants. There are five main types of biosurfactant 
(Zajic and Mahomedy, 1984) : glycolipids, lipopeptides, fatty
acids, phospholipids, and association structures such as 
polysaccharide-lipid-protein complexes. Hundreds of unusual 
structures have been isolated and identified containing 
substituted saturated and unsaturated hydrophobes and natural 
product head groups. The glycolipids are the most commonly 
produced and consist of isomeric fatty acids (hydrophobic 
tail) attached to a hydrophilic carbohydrate head group.
Hommer (1986) reported that common genera of alkane- 
utilizing organisms synthesize biosurfactants: Achromobacter, 
Acinetobacter, Arthrobacter, Brevibacterium, Corynebacterium, 
Pseudomonas, Candida, and Rhodotorula. All of these have 
been isolated from soil (Bossert and Bartha, 1984). Singer et 
al. (1983) investigated the production of biosurfactants by 
soil bacteria: 20 out of 200 soil bacterial isolates
produced mixed glycolipids when grown on C12 to C20
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paraffins. Interfacial tension measurements of the dilute 
aqueous biosurfactant against various paraffin substrates 
gave remarkably low values, as shown in Table 2.3.
A comparison of biosurfactant versus commercial anionic 
and nonionic surfactants for IFT and residual oil recovery 
indicated that in a sandpack flooding experiment, the 
biosurfactants were significantly more effective at IFT 
reduction and release of residual oil. These results are 
reported in Table 2.4.
Because of their excellent surfactant properties and 
favorable chemical properties (biodegradable, compatible with 
soil microbes, non-toxic) biosurfactants would be superior 
candidates for soil flushing. Unfortunately they are not 
generally available due to high production costs incurred by 
low yields after multistep fermentation and extraction cycles 
(Robb, 1990) . Nevertheless, biosurfactant structures that 
have evolved over millions of years in response to 
environmental hydrocarbon exposure should provide a model of 
useful surfactant types for soil flushing.
2 . 3 Surfactant Properties and Functions
The critical micelle concentration (CMC), the 
interfacial tension (IFT), and the hydrophile-lipophile 
balance (HLB) are the three main parameters that help
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Table 2.3 Interfacial Tension (IFT) vs. Alkane Carbon 
Number
Alkane IFT (a) dynes/cm IFT (b) dynes/cm,









Octadecane ! 0.30 -
IFT ’ s measured by the drop weight method.
IFT (a) glycolipid concentration 1.8 mg/ml; 1.7% salt; 40 °C. 
IFT (b) glycolipid concentration 1.8 mg/ml; 1.7% salt; 40 °C;
0.5% pentanol cosurfactant added._________________________________
(Singer et a l ., 1983)
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Table 2.4 IFT and Oil Recovery for Biosurfactants and 
Synthetic Surfactants
Residual Oil Total
Surfactant IFT, Oil (% total oil Recovery of




5% Tween 80 4.5 kerosene 38 0
5% Teepol 2.5 kerosene 34 0
5% TX-100 0.7 kerosene 31 0
culture
supernatant 0.1-0.2 kerosene 32 45
culture 0.1 crude 32 38supernatant oil
culture
extract 0.1 kerosene 36 55
culture
extract 0.1 kerosene 34 88
Results presented are from screening over 500 bacterial 
isolates.
Concentration of biosurfactant in culture supernatant and 
extract was not more than 0.01 wt%.
Sandpacks were fine sand, 40 - 100 mesh; 5 pore volumes of 
flooding conducted at 20 °C.
Organisms and composition of biosurfactant were not 
identified.
TX-100 is a nonionic octyl phenol polyethoxylate; Teepol is 
an anionic alkyl sulfate; Tween 80 is a nonionic
polyethoxylate sorbitan monooleate .________________________________
(Brown et a l ., 1985).
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characterize surfactant activity in solutions. Other 
characteristics that would be relevant to soil flushing and 
enhanced bioremediation are: wetting and adsorption,
chemical stability, biodegradability, and solubility. A 
critical assessment of these properties in consideration with 
soil washing mechanisms is required to select and prioritize 
candidates for experimental evaluation.
2.3.1 Critical Micelle Conce n t r a t i o n . The CMC is a 
threshold concentration of dissolved surfactant. Below the 
CMC individual molecules are randomly distributed through the 
solvent. As the amount of dissolved surfactant is increased, 
the air/liquid surface tension will decline until a minimum
is reached. This minimum occurs at the CMC, when the
molecules spontaneously aggregate into ordered clusters 
called "micelles" (micellae, crumbs) (Ross and Morrison 1988; 
Menger, 1979). The air/liquid interface is also saturated 
with an oriented layer of adsorbed surfactant molecules. 
Further addition of surfactant does not lower the surface 
tension nor increase the concentration of monomeric
surfactant; rather the number of micelles increases. This 
process is shown graphically in Figure 2.2.
A sharp change in slope of solution transport and
equilibrium properties occurs at the CMC (Hunter, 1986).
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Turbidity increases (due to growing micellar aggregates 
scattering more light), equivalent conductivity decreases 
(decrease in effective charge), interfacial tension plateaus 
to a minimum (surfactant saturated interface), solute 
solubilization increases (inside or on the surface of 
micelles, swollen micelles, and microemulsions), and 
immiscible phase emulsification increases (droplets bounded 
by a film of adsorbed, oriented surfactants) .
A micellar solution is a thermodynamically stable clear 
isotropic liquid, with solute molecularly associated with 
surfactant aggregates small enough to not scatter white light 
(less than 1400 Angstroms) (Prince, 1977) . A macroemulsion 
is a thermodynamically unstable two phase system in which 
small droplets of immiscible liquid are kinetically 
stabilized against coalescence by an interfacial film of 
surfactant. The droplets are large enough to scatter visible 
light (greater than 1400 Angstroms) so the macroemulsion is 
opaque and white. The viscosity of macroemulsions is high 
and would generally be unfavorable for a soil flushing 
solution.
The most controversial surfactant systems, designated as 
microemulsions, are clear to translucent thermodynamically 
stable homogeneous istotropic liquids with large amounts of 













Figure 2.2 Surface tension and micelle formation as a
function of surfactant concentration in water. 
The sharp change in slope of the surface tension 
curve occurs at the CMC. For most surfactants 
the CMC in water is less than 1 wt% surfactant.
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surfactant mix (Shah et al., 1988; Overbeek et al., 1984; 
Ravey, 1984; Tadros, 1984; Friberg and Venable, 1983; Holt, 
1980; Reed and Healy, 1977). The amount of surfactant needed 
to stabilize comparable amounts of oil and water dispersed 
into small size domains (less than 1000 Angstroms) is at 
least 2 - 12% depending on amount of added co-surfactant
(Shah, 1988; Comelles et al., 1986; Morgan et a l ., 1977).
Dilute micellar solutions containing molecularly 
solubilized organic and concentrated microemulsions 
containing comparable amounts of water and organic may be 
considered one phase systems; macroemulsions containing a 
dispersed immiscible organic phase are two phase systems. 
All three types may be compared on the basis of aggregate 
size, as shown in Figure 2.3 Although microemulsions were 
widely studied for enhanced oil recovery (EOR), cost and 
biocompatibility considerations (osmotic shock to microbial 
cells from high surfactant concentrations, Stanier 1976.) 
suggest microemulsion systems are not likely candidates for 
soil flushing prior to bioremediation.
The spherical micelle shown previously in Figure 2.2 is 
a useful model to help rationalize surfactant solubilization 
and e m u l s i f i c a t i o n  behavior, but is a s i m plified  
representation of the numerous surfactant aggregate 
configurations that may exist. Continued addition of
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Figure 2.3 Approximate size domains of micellar structures 
and corresponding solution optical properties
T-4054 40
surfactant causes growth in the size of the micelles, changes 
in their geometric configuration, changes in solution packing 
of the aggregates, development of extended lamellar liquid 
crystals, and consequently changes in liquid flow properties. 
Some of these larger and extended structures are shown in 
Figure 2.4.
Practical surfactant concentrations for soil flushing 
will thus depend not only on material cost, but the nature of 
micellar structures. The favorable result of increased 
contaminant solubilization by more surfactant will have to be 
balanced against the consequences of unfavorable rheologies 
that occur at elevated surfactant; concentrations. Hence, a 
surfactant with a lower CMC value will be more desirable as 
it can begin to solubilize organic contaminant at lower 
concentrations with minimal toxicity exposure to soil 
microbes, minimize material costs, and minimize the risk of 
flow problems.
For a given surfactant CMC is not an absolute parameter, 
-- it varies in response to temperature, and amount and 
nature of dissolved electrolytes (Martinez e la Ossa and 
Flores, 1987; Armstrong, 1985; Cahn and Lynn, 1979; Rosen, 
1989; Elworthy et al, 1968) . Inspection of tables of 
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Figure 2.4 Intermicellar equilibrium structures.
Notation: SI designates water external
micelles; S2 designates oil external micelles; G 
designates gel or lamellar liquid crystal;
M denotes cylindrical micelles in hexagonal 
array.(from Reed and Healy, 1977).
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The following CMC ranges in molar concentrations at ambient 
conditions were taken from data on more than 130 different 
surfactants (Armstrong, 1985, Rosen, 1978, and Elworthy, 
1968) :
Although there is extensive overlap the nonionics 
clearly show a broader range to lower CMC values by three 
orders of magnitude. This is due to the lack of electrical 
repulsion in the charge neutral head groups facilitating the 
close packing that occurs in micelles. Specific data listed 
in Table 2.5 for a homologous series of dodecyl surfactants 
further supports this observation, with nonionic C M C 's about 
three orders of magnitude smaller than in charged 
counterparts. On the basis of CMC cost-effectiveness a
nonionic surfactant would be preferred over other types for 
soil flushing.
2.3.2 Hydrophile-Lipophile Balance (HLB). The HLB is a 
scalar number from 0 - 2 0  assigned to a surfactant on the 
basis of its chemical formula. By definition, the HLB number 
is calculated from the weight % of ether (EO) groups in a 





lO"1 - 10~3 M 
10"2 - 10~3 M 
10”1 - 10~3 M 
10~2 - 10~6 M
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Table 2.5 Surfactant CMC for Anionic, Cationic, 
Zwitterionic, and Nonionic Head Groups 
Containing a Linear C12 Hydrophobe
Compound Type CMC moles/1
Aggregation 
Number, N
CI2 -SO4- Na+ anionic 0.0081 62
CI2 -SO3- Na+ anionic 0 . 0 0 1 0 54
C12-C0CT K+ anionic 0.0125 50
C12-N+ (CH3) 3 Br~ cationic 0.0144 50
C12-NH3+ Cl- cationic 0.014 56
C12- (C5H5N) + Br" cationic 0.016 54
C12-N+ (CH3) 2H-C2-C00- zwitterionic 0.25 24
(amphoteric)
C12-N+ (CH3) 2H-C3-S03- zwitterionic 0.003 55
C12- (OCH2CH2) 6 OH nonionic 0.000087 400
C12-(OCH2CH2) 12 OH nonionic 0.00005 81
C12- (OCH2CH2) 23 OH nonionic 0.000055 40
(Armstrong, 1985; Elworthy, 1968)
The aggregation number N is the number of molecules clustered 
together in a single micelle.
The HLB scale was first proposed by Griffin (1949) as a 
ranking tool for polyethoxylate nonionics . Although 
Griffin's HLB scale was initially semi-empirical, numerous 
correlations with thermodynamic parameters such as the 
Hildebrand solubility parameter have since been attempted 
(Vaughan and Rice, 1990; Vaughan, 1985; Schott, 1984; 
Beerbower, 1972; McDonald, 1970). A definitive general 
correlation has yet to be developed: the non-ideality of
polar hydrogen bonded surfactant solutions may be an 
insurmountable obstacle (Prausnitz, 1986). Nevertheless, 
Becher concluded (1984) that the HLB number is a 
thermodynamic quantity related to the free energy associated 
with positioning the surfactant molecule at the oil/water 
interface.
The usefulness of the HLB scale far exceeds its apparent 
simplicity. A high HLB value indicates a large weight 
percent of polar head group, and dominant hydrophilic 
character. The surfactant will favorably partition into the 
water phase and stabilize oil-in-water (O/W) emulsions. 
Conversely, a low HLB value indicates a relatively small 
weight percent of the polar head group and dominant 
hydrophobic character. The surfactant will partition into
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the oil phase and stabilize water-in-oil (W/0) emulsions. If 
the HLB of the surfactant is too high or too low for the 
given substrate, then stable emulsions will not form because 
the surfactant will concentrate nearly exclusively in the 
water or oil bulk phase and not adsorb at the oil/water 
interface (Rosen, 1989).
The HLB scale thus provides a tool for ranking the 
hydrophilic/hydrophobic character of surfactants and for 
grouping surfactants across different structural families: 
two surfactants with different functional groups but the same 
HLB value will show similar emulsification properties as a 
result of similar phase partition and interfacial adsorption 
characteristics.
Average HLB numbers are taken for surfactant mixtures 
using simple linear combination of weight fractions. For 
nonionics not containing oligomeric ethylene oxide head 
groups, the HLB value can be estimated by observing aqueous 
solubility of the surfactant or determined experimentally by 
comparison of emulsion stability (resistance to coalescence 
and separation) with known HLB materials. A heuristic 
correlation among HLB/solution appearance/surfactant function 
has developed with practice and is shown in Table 2.6.
Using the data in Table 2.6 it is possible to preselect 
certain surfactant characteristics desirable for an in-situ
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flushing process. First, a water soluble surfactant would be 
desired but not one of such low polarity that it would 
precipitate on the soil or partition into the organic 
contaminant. This requires HLB values of at least 10. This 
criterion immediately eliminates many of the available 
nonionics from consideration for screening. This value of 
HLB also reduces the possibility of forming W/O emulsions, 
which require lower HLB numbers (more hydrophobic 
surfactants) . Increasing the HLB within the range 10 - 18 
increases the tendency to form solutions and decreases the 
tendency to form O/W emulsions. Thus, whether the recovered 
fluids are a one phase solution or a two phase O/W emulsion 
could be controlled by varying the surfactant HLB.
Table 2 .6 HLB Properties and Uses
HLB
Ranqe





























Anionic and other charged surfactants do not fit in the 
0 - 2 0  HLB scale because the greater hydrophilic character of 
an ionic head group exceeds its low weight percent 
contribution. A simple calculation based on weight percent 
of polar head group generally yields low values such as HLB 
equal to 8.3 for sodium dodecyl sulphate (Ci20S0 3_ Na+) . The 
experimentally observed HLB, or effective HLB is about 40 
(Becher, 1984; ICI, 1976).
HLB values are available in the literature, trade 
catalogues, and trade literature on surfactants obtained from 
suppliers. In principle, once a target HLB range or 
threshold is known, various surfactants can be screened for 
specific performance characteristics. Two chemically 
different surfactants with the same HLB will show differences 
in range and extent of solubilization and emulsification of a 
particular substrate. Generally, a good chemical match 
(aromatic with aromatic, aliphatic with aliphatic etc.) 
extends and/or enhances the performance range (Rosen, 1989; 
Healy et a l ., 1976; ICI, 1976). This effect stems from the
various types of molecular associations that are possible 
between the substrate or contaminant molecules and surfactant 







Schematic view of three possible 
solubilization sites in surfactant aggregates:
(a) micelle interior, (b) palisade layer
(c) micellar surface (Leung et al., 1988).
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A practical difficulty arises in determining the target 
HLB value for a given organic liquid. Ideally, one can 
assign a HLB number to the ingredient to be emulsified and 
then choose a surfactant (or surfactant blend) having this 
same number. This combination should be very close to 
optimum, thereby limiting the number of screening experiments 
with slightly higher and lower HLB surfactants and different 
surfactant types. Unfortunately, there is no easy way to 
estimate the HLB demand of a given LNAPL or DNAPL mixture.
Vaughan and Rice (1990) reported a fourth order 
correlation between the required surfactant HLB and substrate 
solubility parameter for a variety of linear aliphatic oils. 
However, their correlation broke down when branched or 
aromatic substrates were used indicating deviations due to 
structural packing effects. In the absence of a proven 
correlation, the required HLB range may be estimated by 
inspection of chemically related materials.
Table 2.7 lists published HLB numbers for emulsifiable 
oils. The list reveals the prevailing pharmaceutical and 
cosmetic nature of the ingredients reflecting the industries 
that have made the most use of the HLB parameter due to their 
extensive use of nonionics.
Although benzene, toluene, and xylene are listed, there
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Table 2.7 Required HLB for O/W Emulsions with a Variety of 
Emulsion Ingredients
Raw ! Raw Raw ! Raw
Material HLB i Material HLB Material HLB !Material HLB










Acid, 15-16 C12-15 Alcohol 13 Ethyl 13 Padimate 0 10
Isostearic benzoate Benzoate
Acid, Laurie 16 Carbon
tetrachloride
16 Fenchone 12 Paraffin Wax 10
Acid, 16 Carnuba Wax 15 Glyceryl 13 Peanut Oil 6
Linoleic Stearate
Acid, Oleic 17 Castor Oil 14 Hexane 11 Petrolatum 7-8
Acid, 16 Cetyl 10 Isopropyl 12 Petroleum 14
Ricinoleic Palmitate Myristate Naphtha
Alcohol, 16 Chlorinated 12- Isopropyl 11.5 Pine Oil 16
Cetyl paraffin 14 Palmitate
Alcohol, 15 Chlorobenzene 13 Jojoba Oil 6.5 Polyethylene 15
Decyl Wax
Alcohol, 11-12 Corn Oil 8 Kerosene 12 Propene, 14
Hexadecyl tetramer
Alcohol, 14 Cottonseed Oil 6 Lanolin, 12 Safflower 4
Isodecyl anhydrous Oil
Alcohol, 14 Cyclohexane 15 Lauryl Amine 12 Styrene 15
Lauryl
Alcohol, 13-14 Cyclomethicone 8 Menhaden 12 Tocopherol 6
Oleyl D4 Fish Oil Acetate
Alcohol, 15-16 Cyclomethicone 7.5 Mineral Oil, 12 Toluene 15
Stearyl D5 aromatic
Alcohol, 14 Decahydronapht 15 Mineral Oil, 10 Trichlorotri 14
Tridecyl halene paraffinic fluoroethane







14 Mink Oil 9 Xylene 14
Benzene 15 Diisooctyl
Phthalate
13 Nitroben zene 13
Benzonitrile 14 Diisopropyl 
Ben zene
15 Nonyl phenol 14
(Vaughan and Rice, 1990; ICI, 1976)
HLB numbers were typically determined at ambient temperature 
and pressure using ternary oil/water/surfactant systems 
consisting of 2.5 - 5 wt% dissolved surfactant and 20% or 
less of the phase to be emulsified (ICI, 1976).
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is no match for other common organic pollutants such as fuels 
(gasoline, diesel, jet fuel, fuel oil), solvents 
(tetrachloroethylene, methyl isobutyl ketone), and industrial 
chemicals such as found at superfund sites (creosote oils, 
pesticides, process wastes). Historically there was no 
market reason to optimize solubilization and emulsification 
of such materials.
However, based on analysis of known HLB values in Table 
2.7, it is possible to narrow the focus of nonionic 
surfactant screening for in situ soil flushing. The 
prediction for in situ-flushing is that aliphatic hydrocarbon 
contaminants will probably require an HLB of about 10 
(analogous to paraffinic mineral oil, paraffin wax) and that 
aromatic hydrocarbon contaminants will require an HLB of 
about 12-15 (analogous to aromatic mineral oil, kerosene, 
petroleum naphtha, benzene, toluene and xylene) . These 
expected ranges are for ambient conditions as the effective 
HLB is a function of temperature, surfactant concentration, 
electrolytes, pH, and composition of oil substrate. All 
these variables influence surfactant interfacial activity.
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2.3.3 Surface Tension and Interfacial Tension. The 
interest in interfacial tension (IFT) as a parameter for soil 
flushing stems from the indisputable observation that oil 
recovery from petroleum reservoirs is enhanced (EOR) by the 
reduction of oil/water IFT (Lake, 1989; Gogarty, 1978; Radke, 
1980; Shah and Schechter, 1977). After primary recovery in 
which crude is produced by natural reservoir pressure, 
secondary waterflood recovery is often implemented. After 
secondary recovery, a significant portion (50%) of the crude
remains trapped by capillary forces as a residual
discontinuous phase.
Injecting formulated surfactant solutions reduces the 
IFT between the trapped oil droplets and the sweeping water 
flood. Ideally, the oil droplets are squeezed more easily 
through the narrow formation pores, coalesce to form a 
continuous oil bank, and are recovered as a separate phase 
ahead of the pushing surfactant slug. When viscosifying
polymers are added behind or to the surfactant flushing 
solution to improve mobility control this process is known as 
micellar-polymer flooding (Lake, 1989). Low molecular weight 
alcohol cosurfactants are often included in the flushing
solution to reduce viscosity and enhance the IFT lowering. 
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Figure 2 .6 Micellar-polymer fooding.
(a) macroscopic view (Sharma and Shah, 1985)
(b) microscopic view
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In practice it is very difficult to isolate and 
attribute individual oil recovery and release mechanisms; de­
wetting, solubilization, emulsification and IFT release can 
all occur simultaneously in the presence of surfactants. 
However, displacement via IFT lowering is considered the 
dominant and preferred mechanism for petroleum production 
using surfactants (Lake, 1989, Miller and Qutubuddin, 1984) . 
It is preferred over the alternatives of altering rock 
wettability and miscible displacement for economic and 
production reasons: less surfactant is required, less is
lost due to adsorption to the formation and de-emulsfication 
problems with produced fluids are minimized. These same 
reasons will be relevant to an in situ soil flushing process.
By convention the terms surface and interface designate 
different phase boundaries. Surface tension is the energy 
per unit area of liquid at an g a s /liquid interface, and 
represents the work per unit area required to expand the 
liquid interface against the intermolecular attractions 
acting to contract i t . Interfacial tension is the energy per 
unit area of a liquid/liquid interface, and similarly defines 
the work required to increase the interfacial area between 
two immiscible liquids (Ross and Morrison, 1988; Adamson, 
1976; Adamson, 1973).
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Liquid molecules at an air/liquid interface experience a 
net inward attractive force towards the denser liquid phase, 
while liquid molecules in the bulk experience no net force 
due to symmetry. This is why the surface of a free liquid 
drop curves inward and the liquid tends towards a spherical 
shape. The physical origins of surface and interfacial 
tension are molecular interactions such as London dispersion 
forces (Van de Waals forces), hydrogen bonds, dipole-dipole 
interactions, dipole-induced dipole interactions, 7t-bonds, 
donor-acceptor bonds, and electrostatic interactions. 
Surface tension and interfacial tension are both a direct 
measure of the sum of these intermolecular forces at a phase 
boundary (Jaycock and Parfitt, 1981).
Various units for ST and IFT are possible. In the 
energy per unit area representation, the SI units are 
milliJoules/meter2, (mJ/m2) . Historically interfacial tension 
data was reported in the CGS system as ergs/cm2. In some 
physical situations it is convenient to use the different but 
dimensionally equivalent force/length representation; then 
the appropriate SI units are milliNewtons/meter (mN/m), or 
dynes/cm (CGS). Most published surface tension and IFT data 
continues to be reported in dynes/cm and this unit will be 
used her e .
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Hydrocarbon/water systems have a high interfacial 
energy, ranging from 30 - 50 dynes/cm. Input of mechanical 
mixing energy can create a dispersed system (emulsion), but 
on standing the mixture separates into an upper oil phase and 
a lower water phase. The driving force for this separation 
is minimization of (high energy) interfacial area. In 
recovery of oil or contaminant one role of the surfactant 
would be to stabilize a high O/W interfacial area 
sufficiently to permit recovery of the oil as a fluid
emulsion, microemulsion, or solution in water.
For an open system with varying composition, where 
and n± are the chemical potential and number of moles of type
i, then the total differential of the free energy is given by 
equation 2.3 (Lewis and Randall, 1961).
dG = -SdT + VdP + ZiPidni ^  3 )
If the system is now constructed to have an interface, then 
there will be an increase in free energy of the whole system 
per unit increase in interfacial area. The general 
differential of free energy now contains an additional term 
(Lewis and Randall, 1961).
dG = -SdT + V d P  + ZiPidn. + Y  dA (2.4)
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Equation 2.4 shows that at constant interfacial tension Y the 
positive contribution from the area term Y dA can be favorably
minimized by a reduction in interfacial area dA. Thus an 
interface between two liquids will have a natural tendency to 
shrink, and this can be observed in the separation of 
dispersed oil-in-water to form a separate oil phase with 
minimized O/W interfacial area.
The thermodynamics of surfactant microemulsions is
beyond the scope of discussion here, but the terms in 
equation 2.4 represent the main variables that must be 
considered. Ruckenstein (1984) concluded the origin of O/W
microemulsion stability arose from the balance of three
effects: the combined negative free energy from entropy of
dispersion of the oil droplets and from concentration of the 
surfactant at the interface from the bulk must overcome the 
positive product of the interfacial tension and the large 
interfacial area produced.
The positive product of interfacial tension and area can 
be further reduced by lowering interfacial tension. The 
degree of needed IFT lowering for petroleum production has 
been estimated from the Laplace equation for capillary 
pressure difference across a curved interface of radius of 
curvature, r.
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Ap = —  (2.4)
The pressure drop that can be achieved in the field is 
limited by mechanical and geologic constraints: high
pressure gradients are expensive and risk fracturing the 
formation. For a fixed pressure gradient, using dimensions 
obtained from microscopic determination of typical sandstone 
reservoir pore sizes and trapped droplet dimensions, Healy 
and Reed (1977) estimated that mobilization of the oil phase 
would occur when the crude oil/water IFT decreased from about 
30 dynes/cm to below about 0.05 dyne/cm. The physical model 
and calculations based on their data are shown in Figure 2.7.
Because of reservoir heterogeneity, ultralow IFT values 
below even 0.001 dynes/cm are recommended. This finding has 
been verified experimentally by numerous industrial and 
academic groups and has spurred extensive efforts to design, 
formulate, and engineer low tension micellar polymer floods 
(Puerto and Reed, 1990; Martin and Oxley, 1985; Leung et al., 
1986; Schmitt, 1985; Hoskin, 1984; Qutubuddin et al., 1984; 
Bansal and Shah, 1978a; Bansal and Shah, 1978b; Salager et 
al., 1978; Reed, and Healy, 1977; Healy, Reed, and Stenmark, 
1976) .
The question of which surfactant may achieve a low or 
ultra-low IFT between water and a given organic fluid does
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AP. 0.749 psia 30.48 cm psia---------- x --------  = 571-----
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1 psia 1 ft------- x 0.04 cm x --------  = 0.00131 psia
30.48 cm




Figure 2.7 Schematic of a non-wetting fluid (oil
droplet) in a narrow pore and calculation of 
the required IFT for mobilization (from Reed and 
Healy, 1977).
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not have a simple answer. Unlike CMC, which is largely 
characteristic of surfactant structure, IFT is a property of 
the system, depending on the structure and concentration of 
all components. There are many examples in the EOR phase 
behavior literature showing large, sharp changes in IFT 
minima for small changes in system composition (Puerto and 
Reed, 1990; Martin and Oxley, 1985; Leung et a l ., 1986;
Carmona et a l ., 1985; Schmitt, 1985; Hoskin, 1984; Qutubuddin 
et al., 1983; Bansal and Shah, 1978a; Bansal and Shah, 1978b; 
Salager et a l ., 1978; Reed, and Healy, 1977; Healy, Reed, and 
Stenmark, 1976) . Most of these studies involved petroleum 
sulfonates, (low cost anionic surfactants) with varying 
amounts of alcohol cosurfactant and concentrations of brine.
Molecular arguments can be invoked to rationalize trends 
in IFT for a specific surfactant/liquid/liquid system, but as 
soon as the surfactant or a liquid is changed the molecular 
structure of the interface changes in ways we can seldom 
predict. Thus, surfactants for contaminated soil treatment 
and aquifer remediation cannot be selected a priori using IFT 
criteria determined for crude petroleum/brine systems.
EOR requires control of complex chemical and engineering 
processes. EOR has succeeded in laboratory and pilot field 
tests but is currently uneconomical: crude oil prices must
be at least $21-$30/barrel for an acceptable financial return
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(Gogarty, 1987). However, workers in soil flushing that 
attempt to borrow EOR technology from petroleum production 
for contaminant removal schemes face many problems besides 
economics.
Several problems have not yet been thoroughly addressed 
including: (1 ) chemical differences between crude petroleum
and organic contaminants in soils, (2 ) difference in geologic 
structure, lithology, flow properties, and scale of the 
petroleum reservoir and contaminated soil zone or aquifer, 
(3) differences in aqueous geochemistry (brines vs. 
freshwater), (4) differences in field conditions such as 
temperature and pressure, (5) differences in microbiology,
(6 ) differences in economic and political constraints, and
(7) differences in what constitutes a technically successful 
application of the oil recovery or soil flushing methods.
Because these differences between the two geologic 
environments may change the heirarchy of contaminant 
detachment, displacement, and recovery mechanisms, the key 
mechanism for EOR performance, IFT-lowering, may be 
inadequate as a single screening variable in the soil-washing 
regime.
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2.3.4. Soil Washing Mechanisms. Several mechanisms 
relevant to soil washing were introduced in the preceding 
discussion on surfactant CMC, IFT, and HLB. Solubilization 
and emulsification both require that the surfactant be above 
the CMC. The amount of solubilization is a function of 
actual surfactant concentration. The stability and fluid 
properties of produced macroemulsions depend on the HLB and 
are enhanced when the HLB is optimum. Formation of 
microemulsions requires ultra-low IFT's below 0.01 dyne/cm 
and high surfactant and/or cosurfactant concentrations.
Solubilization and emulsification are both examples of a 
microscopic detachment mechanism : the contaminant is taken
up from the surface of a soil particle by molecular level 
interactions with the flushing solution. In contrast, 
liquid/liquid IFT-lowering leading to droplet mobilization is 
a bulk d i s p l a c e m e n t  mechanism. The organic droplet is 
physically pushed through the formation when the capillary 
forces are reduced sufficiently.
Another important mechanism is bulk detachment. This 
occurs most readily when a surfactant adsorbs to a 
solid/liquid interface and alters substrate wettability. The 
detachment of the organic phase can be visualized to proceed 
via a drop roll-up mechanism, - an important process in 
detergency.
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EOR has exploited wettability alteration in detaching 
oil from the reservoir and preventing redeposition. However, 
surfactants are too costly for wettability alteration by 
adsorption ("scotchguarding" the reservoir). Structures that 
would adsorb most strongly to a negative silica surface 
(cationic, amphoteric, zwitterionic, nonionic) are avoided in 
EOR. Even the anionic petroleum sulphonates that are used 
for IFT lowering show adsorptive losses that threaten 
recovery economics (Lawson, 1978). Calorimetry experiments 
with pure sulphate and sulfonate surfactants and well 
characterized substrates indicate that anionics do not adsorb 
to clean silica surfaces (Huang et a l ., 1989; Noll, 1987) .
The surfactant loss in petroleum reservoirs reflects the 
reality of heterogeneous formations with mixed wettability 
traits.
Altering rock wetting in EOR is generally done by 
injection of caustic solutions to make the mineral oxide (ie. 
silica) surfaces negatively charged and repel neutral 
organics. Obviously, a caustic flood would be inappropriate 
for an aquifer remediation process: pH of 10 - 12 would kill
most indigenous organisms and halt biodegradation. This 
adverse result was recently reported in lab scale studies for 
an alkaline surfactant flush (Union Pacific, 1988) .
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The Young-Dupre equation defines a contact angle 0 that 
can be used to assess wetting phenomena (surfactant 
adsorption at a liquid/liquid vs. solid/liquid interface).
ws ow a , os y = y cos0 + y (2.5)
w s _  yos 
COS0 = ---------yOW (2 .6 )
The superscripts on interfacial tension Y denote the 
water/solid interface (ws) , the oil/water interface (ow) and 
the oil/solid interface (os) respectively.
Equation 2.6 derives from a balance of the horizontal 
components of the boundary tensions at three interfaces, as 
shown in Figure 2.8. For a completely wetting fluid 0 = 0°
and cos0 = 1. For a completely non-wetting fluid 0 = 180° 
and cos 0 = 0. Unfortunately for oil or organic contaminant 
recovery, low surface tension liquids easily wet most solid 
surfaces, giving contact angles near 0°. For such wetting 
fluids the molecular adhesion between solid and hydrocarbon 
















Figure 2.8 Mechanical equilibrium for a liquid drop on a 
plane solid surface. Two cases for constant 
contact angle displacement
(a) 0 < 90°, The oil wets the surface.
(b) Physical removal by hydraulic currents 
leaves a residue via low contact angle 
droplet necking.
(c) 0 > 90°, The oil is non-wetting.
(d) Physical removal results in
clean detachment. (Hiementz, 1986).
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The process of removing an oil drop from a solid surface 
involves replacing the oil/solid interface Y°S with new
o w WSorganic/water Y and water/solid interfaces Y . The work 
involved in this process, W, is
w = yow+ yws — yos (2.7)
The interfacial terms are as defined previously. Zero work
..ow .. ws(the condition for spontaneity) requires lowering Y and Y
.osas much as possible without a major change m  Y
yos > y °w + YWS (2 . 8)
Of the previously cited references in soil flushing, 
only Tuck (Tuck et a l ., 1988) reported measuring 0 as part of 
an experimental program in surfactant flushing. The system 
consisted of a tetrachloroethylene (contaminant) drop on a 
glass slide surface in the presence of an anionic phosphate 
ester surfactant. No attempt to correlate 0 with recovery 
was reported, but the surfactant concentration of 0 . 1  wt% was 
reported to exceed that required for an equally wetting 
system (0 = 90°) .
The ideal physical model for organic removal would thus 
be surfactant adsorption at both water/solid and oil/water
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W S  OWinterfaces to reduce Y and Y sufficiently to meet the 
conditions of equation (2.8). The drop can then detach from
O Wthe solid and if Y is sufficiently low, flow through the 
porous medium without being trapped by capillary forces 
(Ostrovsky and Nestaas, 1987) . IFT thus controls drop 
mobilization at the liquid/liquid interface, and modifies 
wetting at the solid/liquid interface to permit drop 
detachment.
This physical model was developed from combined 
investigations in EOR and detergency. It emphasizes bulk 
detachment and displacement phenomena. If applied to aquifer 
remediation, at least two new concerns arise. First, the 
requirement for surfactant adsorption to increase the contact 
angle 0 demands a biocompatible surfactant that will not 
inhibit contaminant biodegradation. Second, IFT criteria for 
bulk displacement mechanisms in unconsolidated media 
(contaminated aquifer soils,) are presently unknown. Reports 
in soil flushing have a s s u m e d that IFT requirements for 
contaminant mobilization are the same as for EOR. An 
estimate has to be made, and this is considered in the next 
section.
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2.3.5 Capillary Number Criteria for H y d r o c a r b o n  
Displacement. Bulk displacement efficiency in EOR has been 
shown to correlate with the ratio of flow viscous forces to 
trapping capillary forces (Lake, 1989; Chatzis and Morrow, 
1984; Larson et a l ., 1981) . This ratio is the capillary
number Nc, a dimensionless number defined variously as
V  LiN c = —  (2.8)
N c = —  (2.9)YL
where v is the Darcy velocity, defined as the volumetric flow 
rate /cross sectional flow area, jx is the absolute viscosity
of the displacing fluid, y is the liquid/liquid interfacial
tension, k is the permeability, (AP/l ) is the pressure
gradient across a sample of length L.
Correlation of Nc with residual oil saturation in water-
wet sandstones shows a definite and reproducible
■ ■ *relationship: droplet mobilization begins at a critical N c
of about 2 x 10-5 and increases with increasing Nc u n t i l
complete recovery is observed at Nc of 10-3 (Chatzis and
Morrow, 1984; Larson et a l ., 1980).
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The observed range in capillary number depends on the 
nature of the porous material and fluid properties of wetting 
and non-wetting phase. Petroleum recovery from sandstone by 
waterflooding is typically characterized by Nc of 10-7 - 10-6. 
Since neither the pressure gradient nor the waterflood 
viscosity can be sufficiently increased to increase Nc by four 
orders of magnitude the only alternative is to decrease the
vOW vOW
0 /W interfacial tension Y . Y must be decreased to ultralow 
values of 1 0 -2 - 1 0 -3 dynes/cm to increase recovery of residual 
organic (Sharma and Shah, 1985; Miller and Qutubuddin, 1984).
It is currently unknown how the critical capillary 
number will scale from petroleum reservoirs to unconsolidated 
earth media such as contaminated surface and aquifer soils. 
Repeating the EOR Laplace calculation for a drop of trapped 
organic contaminant in a medium fine soil with average pore 
size of about 0 . 0 1 2  cm requires some assumptions:
1 . the same pressure gradient (1 psia/ft)
2 . the same aspect ratio ri/r2 (pore body diameter/pore 
throat diameter) as observed in a sandstone matrix 
3. the same drop length
The calculation is shown in Appendix 2A. The calculated
O W  OWthreshold Y for the sand is six times larger (Y = 0 . 3
O Wdynes/cm) than obtained for the EOR reservoir (Y = 0.05
O Wdynes/cm). The larger Y reflects smaller capillary forces
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in the unconsolidated medium; this is consistent with larger 
pore sizes and generally higher permeabilities. This 
calculation suggests it should be easier to recover trapped 
contaminant from contaminated soils with a bulk displacement 
mechanism. The value of 0.3 dynes/cm is readily achieved 
with a few wt% surfactant solution without added co­
surfactant .
Previous reports have assumed that the aquifer threshold
ow
* would be about the same (Peters et al., 1990; Porcuzek, 
1989; Wilson and Conrad, 1984) . Clearly, this may not be 
true. Furthermore, there is sufficient data to indicate that 
at least the first two assumptions are invalid. The third 
assumption may be applicable: analysis of droplet blob size
distributions for a consolidated sandstone and medium sand 
model (35-40 mesh) show differences in size distribution but 
some overlap (Morrow and Chatzis, 1982).
The first assumption dealt with pressure. Unit 
conversion of the oil field pressure gradient from psi/ft to 
a dimensionless hydraulic gradient based on change in head of 
water over some distance (Fetter, 1988) gives a gradient of
2.3 (calculation shown in Appendix 2B) . This is seldom 
achieved in an aquifer pump-and-treat scenario, except in the 
vicinity of the wellbore. Due to well spacings of 50 - 100 
feet, pumping gradients of even 0 . 1  are difficult to achieve
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in the field (Wilson and Conrad, 1984) and inspection of 
field data shows values more frequently in the range of 0 . 2  - 
0.02 (Hydrologic Consultants, 1991; Fetter, 1988).
Recalculation of threshold IFT with a real upper limit
V ° Whydraulic gradient of 0 . 1  gives a much smaller threshold * =
0.01 dynes/cm. This value is now slightly less than the
owanalogous EOR threshold of < = 0 . 0 5  dynes/cm, indicating a
more difficult recovery. Such low IFT's are not readily
a c h i e v e d  with dilute surfactant solutions; higher
concentrations or addition of cosurfactant would be required.
The second assumption dealt with pore aspect ratio.
This is a characteristic property of a geologic medium. The
assumption was that the morphology and distribution of pores
in an unconsolidated sand is the same as in the analogous
consolidated medium (sandstone) , even though the actual pore
sizes in packed sand are one to two orders of magnitude
larger. The Laplace equation shows less force would be
required to push the organic through larger pores, and from
*equation (2.9) N c for the sand would thus be smaller than the 
value of 2 x 1 0 -5 determined for the smaller pore sandstone.
Morrow and Chatzis (1982) showed in model experiments
* * with medium to fine glass bead packs that N c was surprisingly
t 'k
higher than for a typical sandstone. They found a N c for the 
unconsolidated medium of about 1 0~3, two orders of magnitude
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higher than the 10-5 observed for sandstones. Curves of 
normalized residual oil saturation as a function of Nc are
shown for the consolidated sandstone and unconsolidated bead
pack in Figure 2.9. The significant difference between the
curves invalidates the similarity scaling assumption.
*Therefore the EOR N c of 10-5 may not apply to the larger 
grained unconsolidated soils encountered in in-situ soil 
flushing.
Morrow and Chatzis (1982) attributed the unexpectedly 
★high N c to a difference in aspect ratio between the two types 
of porous media, and later verified this hypothesis in 2D
capillary micromodels (Chatzis et a l ., 1983). Specifically,
★the higher N c of the glass bead pack reflects a higher aspect 
ratio, which increases the amount of trapped organic by a 
snap-off mechanism.
It is reasonable to visualize that the aspect ratio for 
packed granular or spherical material would tend to be higher 
than for a consolidated material that had been compacted, 
leached, and cemented over geologic time. Figure 2.10 
illustrates the role of pore aspect ratio on hydrocarbon 
trapping.
Tables of Nc data for unconsolidated earth materials 
relevant to contaminated soil cleanup do not exist; indeed 















Nc , CAPILLARY NUMBER
2.9 Normalized residual oil recovery as a function 
of capillary number for two types of porous 
media: sandstone (consolidated) and glass bead
pack (unconsolidated) (Wilson and Conrad, 1984) .
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OilWater
(a) Low aspect ratio
Collar ofOil trapped bysnap-off water
(b) High aspect ratio
Figure 2.10 Effect of pore aspect ratio on trapping a non­
wetting organic phase (Chatzis et a l ., 1983) .
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opportunity. The Nc value for medium fine sand will probably 
lie somewhere in between the sandstone and glass bead values 
observed by Chatzis and Morrow (1982). Assuming an
intermediate value of Nc ~ 5 x 10-3 for complete recovery 
(midway between sandstone and beadpack) and using typical 
values for hydrocarbon/water IFT and groundwater velocities, 
it is instructive to examine required hydraulic gradients and 
threshold IFT's (sample calculations in Appendix 2C) . The 
purpose is to test the feasibility of applying an IFT- 
lowering bulk-displacement mechanism to an aquifer soil 
environment.
The results for four cases are presented in Table 2.8 
In cases 1 to 3, the hydraulic conductivity, viscosity, and 
capillary number were held constant to see the effect of
changing IFT or hydraulic gradient. In case 4, the fluid and 
media bulk properties were still constant, but IFT and 
hydraulic gradient were favorably altered to determine the 
best achievable capillary number. Specifically, the 
hydraulic gradient was increased to 0 .2 , as this value was
recently reported in a deliberate attempt to increase
residual DNAPL recovery with high pumping gradients (Connor 
et a l ., 1989).
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Table 2.8 NAPL Recovery Calculations Applied to Aquifer 
Conditions
Fixed Variables:
N c = 5X10“3 capillary number for complete recovery
(estimated from Wilson and Conrad, 1984, after 
Chatzis and Morrow, 1982) )
K = 10“2 cm/sec, hydraulic conductivity for medium-fine sand 
|1 = 0.0114 g/cm-sec absolute viscosity water 0 15 °C
CASE SYSTEM RESULT
real IFT
,owgiven Y = 3 0  dynes/cm 
calculate Darcy velocity 
calculate hydraulic 
rradiej
v = 13 .16 cm/sec 
= 37,302 ft/day 
1316
lower IFT given Y = 0 . 2  dynes/cm calculate Darcy velocity 
calculate hydraulic 
gradient___________________







given typical i = 0.05 
calculate Darcy velocity 
calculate IFT
v = 0.0005 cm/sec 
= 1.42 ft/day




given elevated i = 0 . 2
OWand lower Y = 0 . 2  dynes/cm ^ ^
calculate Darcy velocity v - * 9 ?m/̂ 0C
calculate actual = 5 • 67 f^ day
capillary number_____________Nc — 1. IX IQ______
Darcy velocity is v. The hydraulic gradient i is defined as 
h/L, where h is difference in head water over some distance 
L. Sample calculations are shown in Appendix 2C.
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Case 1 (Table 2.8): For a normal oil/water IFT of about 30
dynes/cm, the calculated required flow velocity of 37,302 
ft/day and hydraulic gradient of 1316 are impossibly high. 
This is consistent with field observations that no residual 
hydrocarbons are recovered as free product by pumping at 
typical flow velocities of a few ft/day. At the low velocity 
and high IFT the ratio of viscous forces to capillary forces 
is too low to displace the trapped contaminant. This does 
not destroy the usefulness of the pump and treat approach, 
but does emphasize its limitation to primary recovery of free 
product and to gradient control for contaminant containment.
Case 2 (Table 2.8) : Use of surfactants to lower the
IFT to about 0.2 dynes/cm helps, but the needed velocity and 
h y d r a u l i c  gradient (assuming a ty p i c a l  h y d r a u l i c  
conductivity) are still too high, 249 ft/day and 8.8 
respectively.
Case 3 (Table 2.8) : For the more typical hydraulic
gradient of about 0.05, the velocity is 1.42 ft/day. The 
required IFT is now 0.001 dynes/cm, an ultralow value. While 
technically possible, this would require high concentrations 
of surfactant that might be inhibitory to biodegradation.
Case 4 (Table 2.8) : In this calculation both physical
and interfacial properties were advantageously changed to see 
if some compromise could succeed. For the elevated hydraulic
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gradient of 0.2, and a low (but not ultralow) IFT of about
0.2 dynes/cm, the resulting Nc was found to be 1.1 x 10-4. 
This might be a positive finding: if the contaminated soil
is more like sandstone than a beadpack, then 1 . 1  x 1 0 -4 exceeds 
the critical capillary number for mobilization, but is still 
an order of magnitude too low for complete residual recovery 
(10-3) . This might be a negative finding: if the
contaminated soil is more like a beadpack, then 1 . 1  x 1 0 -4 is 
an order of magnitude smaller than the mobilization 
threshold, and residual recovery will not succeed. In this 
model ultralow values of IFT less than 0.02 dynes/cm are 
required to obtain sufficiently large capillary numbers, even 
with the elevated hydraulic gradient.
The above observations are not encouraging for expecting 
the EOR bulk displacement mechanism to perform for an in-situ 
cleanup process. The intuitive assumption that the technical 
demands would be less stringent due to higher permeability 
neglected the consequences of higher aspect ratios. The 
required ratio of flow viscous forces to capillary retention 
forces may be too high unless both IFT and hydraulic gradient 
are advantageously managed. Without hard data on critical 
capillary numbers for typical contaminated soils potential 
sites would have to be carefully evaluated to determine soil 
retention and release characteristics. Although IFT lowering
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is important, additional mechanisms such as solubilization, 
wettability alteration, and emulsification may be more useful 
in contaminated soils where the critical capillary number 
cannot be readily exceeded.
2.3.6 Surfactant B i o c o m p a  t ib i 1 i t y . Surfactant 
biocompatibility consists of two separate and complex issues: 
b i o d e g r a d a b i 1 ity and antimicrobial activity. Neither 
variable has a single absolute value but depends on the 
conditions under which it is determined. Numerous methods 
exist to evaluate both biotoxicity (Gerike, 1987) and 
biodegradability (Robra, 1987; Swisher, 1987). Laboratory 
tests of biodegradability to more accurately reflect natural 
environments are still under development (Larson and Bishop, 
1988) .
Biodegradability is the susceptibility of a surfactant 
to metabolic destruction by living organisms, most commonly 
bacteria. In primary biodegradation the molecule is oxidized 
or cleaved or otherwise chemically altered so that its 
original characteristic properties are no longer evident. 
Ultimate biodegradation or mineralization requires the 
complete conversion of the organic to simple CO 2, H 20,
inorganic salts, and products associated with the normal
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metabolic processes of the bacteria. Biodegradation may be 
aerobic (requiring oxygen) or anaerobic (not requiring 
oxygen).
As would be expected for a large volume consumer 
product, many surfactants are biodegradable and not toxic to 
humans. The median lethal dose (LD50) for oral ingestion by 
mammals is generally 500-5000 mg surfactant per kg of body 
weight, comparable to table salt and sodium bicarbonate 
(Swisher, 1987) . Approximately 75% of consumer laundry 
detergents are disposed of down the drain to more than 15,000 
municipal wastewater treatment plants which subsequently 
release treated effluents to rivers and estuaries (Larson and 
Bishop, 1988). The remaining 25% is discharged directly to 
domestic septic systems.
Because of this widespread distribution surfactant 
biodegradability has been an important issue. It will also 
be an important issue for any in-situ flushing process, where 
uncontrolled environmental release may occur if hydraulic 
control is lost, or unmapped geologic features divert 
expected flow patterns.
High performance synthetic branched alkyl benzene 
sulfonates (ABS) rapidly displaced natural soap detergents 
when introduced in the 19 5 0 's. However, unexpected ABS 
resistance to biodegradation led to widespread release in
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sewage effluents and persistent foaming in natural waters and 
streams (Eganhouse, 1986). Compounding the persistence 
problem was a strong toxicity to fish and aquatic organisms 
at concentrations as low as 1 - 100 ppm (Swisher, 1987) . In
1964 Weaver and Coughlin demonstrated via several different 
laboratory assays that linear alkyl benzene sulfonates (LAS) 
were more readily biodegradable than the branched ABS. By
1965 ABS detergents were replaced in the consumer marketplace 
with L A S .
The difference in subsurface biodegradability of the two 
isomeric anionics was unknown until observed in a field study 
at Otis Air Base on Cape Cod, Mass, USA, (Thurman 1986). Two 
separate contaminated groundwater plumes of persistent ABS 
and degradable LAS were discovered and mapped. Originally 
deposited in a waste pond from 1940 - 1965 the ABS migrated 
in 20 years 3.5 km downgradient from the original disposal 
bed at the same rate as conservative (non-retarded) inorganic 
ion tracers. In contrast, the LAS surfactants used after 
1965 were found to have migrated only 0.6 km downgradient in 
2 0  years; the plume concentration was also about 1 0 times 
smaller than for the ABS.
These observations confirmed branched tail surfactant 
resistance to biodegradation by soil bacteria and the more 
facile microbial utilization of the linear LAS. Selection of
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surfactants for in situ soil flushing will require an 
awareness of the significant differences in subsurface 
lifetimes for isomeric surfactant structures. Depending on 
the remediation time scale, more persistent branched tail 
surfactants may or may not be favored over linear analogues.
Surfactant biodegradability is primarily controlled by 
the nature of the hydrophobic tail. The order of increasing 
resistance to biodegradation is: short linear aliphatic
tails < longer aliphatic tails < linear alkyl-aryl tails < 
branched alkyl-aryl tails. In addition to hydrophobe 
structure, two head group v a r iations also impact 
biodegradability. Increasing hydrolytic stability from 
sulfate ROSO3- to sulfonate RSO3- increases persistence. 
Increasing degree of ethoxylation also increases persistence. 
Increased aqueous solubility and molecular size inhibit 
transport through lipophilic cell membranes.
Within the nonionic ethoxylates controversy still exists 
over the biodegradability and toxicity of alkyl phenol 
ethoxylates. Swisher (1987) concluded that most experiments 
had failed to allow for acclimatization, and that complete 
primary degradation did occur in which surfactant properties 
were lost. Other reports (Stephenou and Giger, 1982; Wagener 
and Schink, 1986; Ekelund et a l ., 1990) described the
p ersistence and consequent bioaccumulation of toxic
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metabolites nonylphenol and phenol. Although release of such 
materials would be undesirable, previous reports on soil- 
flushing with alkyl ethoxylate phenols did not consider the 
toxic nature of surfactant metabolites (Ellis and Payne, 
1985; Nash, 1987; Ziegenfuss, 1987; Vigon and Rubin, 1989; 
Sale and Pitts, 1989; Abdul et a l ., 1990) . In examining a
candidate surfactant structure, it is important to consider 
not only the composition of the parent material but the 
nature of potential metabolites.
There are very little data on surfactant lifetimes in 
subsurface soil environments. Obviously a range of values 
can be expected, depending on availability of degrading 
organisms, nutrients, and soil conditions. Table 2.9 shows 
biodegradation half lives for representative anionic, 
cationic, and nonionic surfactants in various soil types.
The lifetime data were obtained under ideal conditions 
in aerobic batch reactors containing relatively low amounts 
(10 - 250 ppm) of surfactant. The short half lives on the 
order of a few days contrast sharply with the field 
observations of Thurman (1986) in which plumes persisted for 
decades. Microcosm experiments using sediment from waste 
ponds receiving laundry effluent gave longer half lives: 3.2
- 16.5 days for anionic-acclimatized populations compared to 
5.2 - 1540 days for unacclimatized populations; 2.8 - 8 . 6
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LAS 2.2 1.5 1.7 3.3 2.6 1. 7 1.5
C12E9 2.9 1.8 1.8 2.7 3.0 1.3 1.7
C18TMAC 8.7 3.2 5.3 - 5.3 5.8 1.4
CI 8CO2H 3.9 2.9 2.0 4.1 3.5 - 0.7
(Larson and Bishop, 1988)
LAS = anionic linear alkyl benzene sulfonate 
C12E9 = nonionic containing 9 ethoxylate groups 
C18TMAC = cationic alkyl tri-methyl ammonium chloride 
C18C02H = anionic fatty acid (stearic acid)
days for nonionic-acclimatized populations compared to 3.5 - 
137 days for un-acclimatized populations (Federle and Pastwa, 
1988).
Alth o u g h  laboratory data may not be reliably 
extrapolated to a field situation, the short half lives 
indicate a potential risk that the surfactant injected for 
soil flushing may be degraded before releasing significant 
amounts of trapped contaminant.
Biocidal (antimicrobial) activity is the ability of a 
surfactant to kill microbes by one of two primary mechanisms: 
disruption of cellular membranes by interaction with their 
lipid components and/or disruption of metabolic processes by 
binding with essential proteins and enzymes. The surfactant
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may or may not be itself degraded in the process. There is 
conflict and apparent paradox in published data on surfactant 
biocidal activity, primarily as a result of variations in 
bacterial test populations.
Cationic surfactants are widely used as biocides and 
studies have shown the activity to result primarily from 
destruction of the bacterial cell membrane. The bacterial 
surface is slightly negatively charged at neutral pH values 
enhancing electrostatic adsorption of the cationic molecule 
followed by penetration and loss of membrane integrity (Lion 
et al., 1988; Davis and Jordan, 1990). Yet, numerous reports 
exist of rapid biodegradation and the presence of large 
populations of bacteria in cationic effluent waste ponds 
(Federle and Pastwa, 1988; Larson and Bishop, 1988; Federle 
and Ventullo, 1990). The key lies in the ability of the test 
population to acclimatize to the surfactant.
Chaplin (1952) showed that Serratia marcescens. normally 
inhibited by 1 0 0  ppm of cationic could be adapted for growth 
in concentrations of up to 100, 000 ppm. The increased 
resistance was a function of increased lipid content of the 
cells. While toxicity trends may be established for various 
surfactant classes, the ability of organisms to acclimatize 
will require evaluation of specific surfactants and 
surfactant/dissolved contaminant solutions with actual "host"
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soil samples. Generalizations from one site to another would 
be invalid and biocompatibility must be included as a 
screening criterion for surfactant soil flushing.
Serious ecological problems with surfactant toxicity 
were first encountered in 1967 with the Torrey Canyon spill 
of 4.5 million gallons of crude oil off the English coast. 
The French side of the channel was treated with sawdust, 
pumice and straw to coagulate the spilled oil, but the 
contaminated beaches recovered normal vegetation and animal 
life after the sludge was removed.
The English side of the channel was treated with 
chemical dispersants (surfactants formulated in solvents) 
with disastrous effects: oil-degrading bacteria, microscopic
marine organisms, animals and plant life were killed 
(Chemical Week, 1968; Dewling and McCarthy, 1980; Brown,
1987) . The extreme toxicity of these dispersants was later 
attributed to their structure: mixtures of alkylphenol and
petroleum sulfonate surfactants with aromatic hydrocarbon 
solvents (Hall, 1989; Wells, 1984) . Under appropriate 
conditions all of these are known to undergo microbial 
degradation, but the sudden nature of the dispersant 
treatment did not permit the ecosystems (bacteria, plants, 
aquatic animals) time for adaptation.
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Progress in marine oil spill research has led to the 
formulation of third generation dispersants: mixtures of
nonionic sorbitan esters of oleic or lauric acid, ethoxylated 
sorbitan esters of oleic or lauric acid, polyoxyethylene 
esters of oleic acid, ethoxylated fatty alcohols, ethoxylated 
octylphenols with small amounts of anionic sulfosuccinates, 
water miscible solvents, or low aromatic kerosene solvents, 
and special surfactant nutrients (Hall, 1989; Brochu et a l ., 
1986/1987; Becker, 1985; Bronchart et a l ., 1985; Institut
Francais du Petrole, 1984; ELF Aquitaine, 1983) . The trend 
away from anionic dispersants towards the environmentally 
more benign nonionic dispersants (Lupton and Marshall, 1978) 
is a significant precedent for the accepted in-situ use of 
surfactants.
For a given hydrophobe, the biocidal activity of a 
surfactant depends primarily on the nature of the head group 
(Swisher, 1987; Beaubien, 1987) which determines the strength 
of membrane adsorption (electrostatic, H-bonding, Van der 
Waals) . The rank order for decreasing biocidal activity is 
generally cationic > anionic > nonionic (James, 1965) . 
Because of strong charge attraction to the negative bacterial 
surface, cationics are toxic to both gram positive and gram 
negative bacteria.
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Bacterial cell walls contain pores that act as molecular 
sieves but most surfactants are smaller than the 1 0 0 , 0 0 0  amu 
lower exclusion limit of gram positive and 500 - 700 amu
exclusion size of gram negative bacteria. However, the 
charge repulsion of an additional lipoprotein outer membrane 
in the gram negative cell is sufficient to inhibit anionic 
penetration, so anionics are usually toxic only to the 
simpler gram positive bacteria which lack this structure 
(Berg and Zimmer, 1987) . Work in membrane transport has 
established that anionic toxicity stems from strong binding 
to surface and integral membrane-associated proteins (as 
substitutes for fatty acid anions) (Helenius and Simons, 
1975) .
Nonionics are the most benign. Their low CMC and 
resulting low concentration of monomer in solution creates a 
small driving force for membrane penetration; their binding 
to cell proteins does not generally cause conformational 
changes nor loss of biological properties (Helenius and 
Simons, 1975; James, 1965). Nonionics are widely used in 
pharmaceutical preparations to increase the rate and extent 
of transport of solute molecules through biological membranes 
by fluidization of the membrane (Florence et a l ., 1984). The
significance of this for enhancing bioremediation with soil 
flushing is that in addition to enhanced solubilization of a
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contaminant to increase its bioavailability, the nonionics 
may also increase trans-membrane transport. This could 
enhance extent as well as biodegradation rates of 
recalcitrant contaminants: insoluble species that normally do 
not diffuse through cell membranes may become available 
substrates.
2.4. In-Situ Constraints
There are physical and biological conditions that need 
to be considered for in-situ flushing.
2.4.1 Field Conditions Relevant to Surfactant 
Selection. The physical, chemical, and geochemical nature of 
the aquifer environment can affect surfactant performance in 
many ways. Temperatures are generally low and at depths of 
30 - 60 ft correspond to the mean annual air temperature
ranging from 3 - 25 °C in the US (McNabb and Dunlap, 1975). 
Soil and groundwater temperature is more stable to 
fluctuation than above ground (Fetter, 1988) . Surfactants 
with good low temperature solubility would be favored: 
nonionics would be preferred over anionics. Many anionics 
have Krafft point temperatures in the range of 20 - 60 °C
(Rosen, 1989) such that at surface soil/groundwater 
temperatures dissolved surfactant concentrations are below
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the CMC. The temperature of the surfactant solution would 
have to be above the Krafft point temperature in order to 
have sufficient material dissolve to reach the CMC.
The anionic petroleum sulfonates used in EOR are 
generally high temperature materials. Most of their Krafft 
points are above 20 °C and much of their phase behavior data 
has been collected at conditions relevant to deep oil 
reservoirs: 1 - 1 0  wt% brine solutions at 60 - 90 °C. These
conditions are not representative of the aquifer environment, 
and optimal performance from petroleum sulfonates cannot be 
expected there.
Nonionics with good low temperature solubility were not 
generally used in EOR because at the high operating 
temperatures their aqueous solubility decreases resulting in 
high adsorptive losses (Akstinat, 1985; Lawson, 1978; Lewis 
et al., 1986) . At first this may seem contradictory to 
general solubility behavior for organics in water, but the 
driving force for nonionic solubilization is formation of 
hydrogen bonds. At the higher temperatures these are 
disrupted and at some phase inversion temperature interval 
(PIT) the surfactant either precipitates or partitions into 
an available organic phase (Kahlweit, 1985; Kahlweit et a l ., 
1983; Kahlweit, 1982; Kuneida and Friberg, 1981).
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At the low temperatures of the aquifer this unusual 
behavior could be an asset or liability, depending on the 
specific nonionic used and the PIT at which the transition 
from hydrophilic to hydrophobic occurred. The potential 
asset allows for later separation of produced fluids by 
warming-induced phase separation. The potential liability 
comes from the nature of the phase separation: if a dilute
aqueous phase plus a separated viscous concentrated
organic/surfactant phase formed in-situ flow control could be 
lost.
Previous workers investigating nonionic surfactants for 
soil flushing (cited in 1.3 Current Technology) a l l  
overlooked this temperature dependent phase behavior, 
including the associated phenomenon of lowered PIT with 
i n c r e a s i n g  amount of organic solubilized, and the
consequences for an in-situ flood. Within a specific group
of surfactants lower molecular weight compounds would tend to 
be favored over higher molecular weight homologues on the 
basis of solubility and higher PIT. However, this would have 
to be balanced against interfacial activity that often 
increases with increasing molecular weight and increasing 
interfacial adsorption near the PIT (Raney et al., 1986; 
Raney and Miller, 1986; Bourrel et al., 1980).
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The pH and dissolved minerals of the groundwater depend 
on the nature of the recharge water, geochemistry of the 
aquifer, and contributions from bioprocesses (Fetter, 1988; 
Freeze and Cherry, 1979). All will vary from site to site, 
and can radically alter surfactant solubility, solution 
activity, and adsorption properties. The pH commonly ranges 
from 6 - 8 . Most surfactants are chemically stable in this 
range, although the charge of amphoterics can reverse with 
minor changes in pH leading to variable solution activity and 
surface adsorption on all types of mineral surfaces 
regardless of charge. Near the higher end of the pH range (8 
and above) some of the anionic sulphates and nonionic acid 
esters can begin to hydrolyze and lose activity. The Tweens 
(sorbitan esters), model sodium dodecyl sulphate, and 
phosphate esters investigated by previous workers in soil 
flushing and microbial growth enhancement would all be 
susceptible to deactivation by chemical hydrolysis.
The naturally slow flow rates (typically less than 1 
ft/day) in high surface area porous media provide ample time 
for surfactant degradation and adsorption, with potential for 
catalytic hydrolysis on active mineral sites. The surface 
charge of a mineral surface is a function of composition and 
ambient pH. Silica is the most abundant oxide in the surface 
crust and depending on purity most silicate minerals have a
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point of zero charge (PZC) of 2-5 (Sharma et al., 1987; 
Ingram and Clunie, 1983) . Thus, in a natural soil 
environment of pH 6 - 8 , the surfaces would be predominately 
negatively charged. Anionics would adsorb the least, due to 
charge-charge repulsion, but the presence of divalent cations 
could cause precipitation (Freidmann, 1986). Nonionics 
adsorb to a silica surface by hydrogen bonding, the extent of 
which decreases with increasing pH (Clunie and Ingram, 1983).
The nonionics and anionics would thus be the two 
preferred classes of surfactants to minimize adsorptive 
losses, as the amphoterics, zwitterionics, and cationics are 
rapidly and extensively adsorbed by electrostatic attraction 
to oppositely charged mineral surfaces. Although surfactant 
adsorption could enhance drop roll up by wettability 
alteration, this option would be extremely costly: roughly
500 kg of positively charged surfactant adsorbs to 1 ton of 
mineral, vs. 1 kg/ton for anionic or nonionic (Akstinat, 
1985). Furthermore, the cationic, amphoteric and
zwitterionic types are at least twice as expensive, so the 
net cost of using them for wettability alteration would 
increase by 1 0 0 0 .
Two other frequently encountered mineral types need to 
be considered: the carbonates and the clays. The two most
important carbonates are calcite (CaC03) and dolomite
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CaMg(CO3) 2 which have higher PZC's than quartz (silica) of 8 - 
10.8 and 7.0 respectively (Somasundaran and Ramachandaran,
1988) . The calcite surfaces would be slightly positive to 
neutral at pH's of 6- 8 , and the dolomites would be positive, 
neutral, and negative through this range. Thus all types of 
surfactants could adsorb to these minerals at the operating 
p H 1 s .
Clays are layered aluminosilicates often containing 
isomorphic substitutions (Fetter, 1988). Colloidal clay 
platelets possessing positive faces and negative edges would 
adsorb everything in large quantities due to the combination 
of charge attraction and high surface area. The release of 
Ca++ and M g ++ into solution could also cause anionic 
precipitation from solution (Siffert and Zundel, 1985). The 
presence of clays would be a contraindiction for attempting a 
surfactant flood.
It is also possible that surfactants could alter the 
natural solubility equilibria for clays and carbonates by ion 
exchange and complexation mechanisms. This risks changing 
bulk engineering properties of the soils: multiple order of
magnitude changes in clay permeability in response to ion 
exchange is well known (Mitchell et al., 1987; Fernandez and 
Quigley, 1985; Freeze and Cherry, 1979). Again, of the four 
surfactant types, the nonionics would be the most compatible
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with these minerals, and the most tolerant of their aqueous 
geochemistry.
As water travels through soil its chemical composition 
changes. Water tends to evolve with time and distance from 
freshwater towards saline water via the progression (Freeze 
and Cherry, 197 9):
HC03" — > HCO3 " + SO4'2 — > SO4"2 + HCO3 " — > SO4'2 + Cl' — > 
Cl" + SO4"2 — > Cl'
Thus, as groundwater evolves, the amount of dissolved salts 
and minerals increases. Surface soils in arid regions may 
have increased deposits of precipitated mineral salts due to 
surface evaporation effects. Most anionic carboxylate, 
phosphate, sulphate, and to lesser extent sulfonate 
surfactants are intolerant of high concentrations of 
dissolved electrolytes, and in the presence of multivalent 
cations such as Mg++ and Ca++ they will precipitate on the soil 
and/or partition into the organic phase. Any soil flushing 
scheme that would plan on injecting or recirculating natural 
site groundwater would have to accomodate this chemistry. As 
in the case of pH, nonionics are less sensitive to 
multivalent cations because their micelles do not have the
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high potential electric double layer that charged surfactants 
possess.
A final consideration in field conditions is the 
hydraulic conductivity (K, cm/sec) at the proposed remedial 
site. The transport of nutrients for enhanced biodegradation 
and surfactant flushing solution both require significant 
conductitivy to be cost-effective in real time. Lee (Lee et 
a l ., 1987) advised against attempting bioreclamation in soils 
with K<10-5 cm/sec. Table 2.10 lists ranges and ratings for 
hydraulic conductivity and intrinsic permeability in various 
soil types.
Table 2.10 Hydraulic Conductivity Values and Ranking








> 1  
1 0 " 1 - 1 
1 0 -3 - 1 0 _1 
1 0 -5 - 1 0 ‘3 
1 0 " 7 - 1 0 -5 
< 1 0 -7
1 0 3 
1 0 2 - 1 0 3 
1 - 1 0 2 
10"2 - 1 
1 0 -4 - 1 0 “2 
< 1 0 ‘4
clean gravel,
gravel, clean coarse sand 
graded sand, fine sand 
silty sand, silt 
dense silt, clayey silt 
clay, silty clay
(Olsen, 1990). Soil permeability is k in units of Darcies or 
cm2. Permeability is a property of the medium alone, and is a
component of the hydraulic conductivity K = (Freeze and
P
Cherry, 1979) . (1 is fluid viscosity; p is fluid density; g
is gravitational acceleration.
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Previous calculations (Table 2.8) using a medium value 
of K = 10-2 already showed borderline recovery potential 
unless ultralow tension floods were used. Thus, medium to 
high hydraulic conductivity soils would be most suitable for 
surfactant enhanced bioremediation.
2.4.2 Aquifer Microbiology Relevant to Surfactant 
Selection. In 1975, McNabb and Dunlap of the EPA conducted a 
literature search to assess then-currently available 
information of subsurface biological activity and controlling 
environmental f a ctors. They found that previous work 
targeted one of three areas:
1 . microbiology of deep formations connected with petroleum 
or sulfur deposits.
2 . iron-depositing microbes in water wells and biofouling of 
injection wells.
3. transport of pathogenic bacteria and viruses.
The knowledge needed for planning a bioreclamation 
project, - the nature of bioactivity in shallow drinking 
water aquifers, was lacking. And the few previously 
published reports were judged to be unreliable due to the 
high probability of contaminaion from open-well sampling and 
culture isolation procedures. The important contribution of
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McNabb and Dunlap was to assess the geologic conditions below 
the soil zone and recognize that in general aquifer 
conditions would be favorable for diverse microbial 
populations. Because of this generality, it was feasible to 
invest in the research and development of biodegradation for 
a wide variety of LNAPL and DNAPL polluted aquifers from a 
few meters to several hundred meters deep.
Wilson and Ghiorse (1988) and Stetzenbach (1986) report 
that three types of microorganisms are commonly found in the 
subsurface: bacteria, protozoa, and fungi. Alexander (1977)
expands this list to include actinomycetes and algae. Since 
the bacteria are the single most abundant group, (usually 
more numerous than the other four combined) it is reasonable 
to focus on their response to a surfactant flushing solution. 
Typical bacterial populations range from 107 - 109 viable
microorganisms per gram of soil. Lower numbers occur in 
deeper oligotrophic environments although there is 
considerable variability.
Eleven bacterial genera are most often isolated in 
soils: Arthrobacter (5 - 60%), Bacillus (7-67%), Pseudomonas
(3-15%), Ag roba ct e r ium (1-20%), A l c a l i a e n e s  (1-20%), 
Flavobacterium (2-12%), Corneybacterium (2-10%), Micrococcus 
(<5%), S t a p h y l o c o c c u s  (<5%) , X a n t h o m o n a s  (<5%),and 
Mycobacterium (<5%) (Atlas and Bartha, 1987). Many of these
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can degrade hydrocarbons, and the most frequently isolated 
hydrocarbon-degrading soil bacteria are, in decreasing order: 
Pseudomonas f A r t h r o b a c t e r . A l c a l i g e n e s . C o r n e y b a c t e r i u m , 
F lavobacterium, Achro m o b a c t e r . M i c r o coccus. N o c a r d i a , and 
Mycobacterium (Atlas, 1984). Stetzenbach reported (1986) 
that for a petroleum contaminated soil Pseudomonas was the 
dominant genus isolated at 30%: Pseudomonas are competitive
in their ability to rapidly utilize a wide variety of 
substrates in low concentrations.
The above list of microorganisms can be further 
differentiated according to response to a dye test (Krieg and 
Holt, 1984):
gram negative (Pseudomonas. Alcaligenes. Flavobacterium,
Achromobacter)
gram positive (Corneybacterium. Micrococcusr Nocardia.
Mycobacterium) 
gram variable (Arthrobacter)
The gram negative and gram positive designation indicates 
differences in cell response to staining with crystal violet 
(Gerhardt et al., 1981) . The more complex tri-layer 
structure of the gram negative cell envelope renders these 
bacteria more resistant to toxicants than the gram positive 
types (Bitton et al., 1988) . Therefore, segments of mixed 
soil populations will respond differently to the presence of
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surfactant and increased levels of dissolved contaminants. 
Unfortunately, little is known about cell permeability to 
most chemicals of environmental importance so predictions are 
uncertain if not impossible
The significance of this information for surfactant 
selection is that rigorous screening for biocompatibility 
will require mixed populations representative of the site 
ecosystem. This would include aerobic heterotrophs and 
nitrifying bacteria, and anaerobic bacteria including 
denitrifiers, sulfate reducers, and methanogens, - all key 
actors in natural recycling of organic material and 
wastewater treatment systems (Blum, 1989). Testing with 
single species batch cultures would ignore the potential 
synergistic and antagonistic interactions that occur in a 
complex consortium. Use of published LD 50 or LC 50 data, 
obtained on rats, mice, cats, dogs, and fish and aquatic 
animals would be irrelevant in assessing microbial impact.
Soil bacteria primarily exist on the soil surface in 
structured consortia in adherant biofilms (Bitton et al., 
1988; Costerton et a l ., 1987; Alexander, 1977). It has been
shown (Costerton et a l ., 1987) that enzymatic activity, cell
wall composition, and surface structures differ for 
planktonic v s . individual bacterial cells growing within a 
biofilm. These three variables influence the ability of the
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cell to ingest and metabolize nutrients and repel toxicants. 
Thus, in order to be reliable, surfactant biocompatibility 
evaluation must be done in soil cultures representative of 
the final in-situ environment. Not only would the 
biocompatiblity of the surfactant have to be screened, but 
the ability of the microbial consortium to continue to 
degrade target contaminants after surfactant exposure would 
need to be established.
Microorganisms require food for generation of energy and 
for synthesis of cell material. An electron acceptor such as 
C>2 (aerobic) or N03~, Mn02, Fe (OH) 3, S04-2, or HC03” (anaerobic)
is needed for energy generation. In the upper shallow
regions of an aquifer, aerobic degradation is most 
significant. This can occur in the vadose zone and in the 
saturated zone depending on concentration of dissolved 
oxygen. At an average field temperature of 15 °C the maximum 
(saturation) concentration of dissolved oxygen is only 1 0  
mg/1 (Tchobanoglous and Schroeder, 1987) . In this regime, 
added surfactant would present an additional load or oxygen 
demand on the system, and it is unknown whether surfactant 
would be p r e f e rentially utilized before the target 
contaminant. Thus, low surfactant concentrations would be 
preferred. Also, surfactants containing relatively large 
amounts of oxygen would be preferred over those containing
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unsaturated or reduced functional groups (olefins such as 
oleyl hydrocarbon tail) . The latter would also be unstable 
to oxygen injected as peroxide or ozone.
Nitrogen and phosphorus nutrients are often added as 
ammonium and phosphate salts. Thus, the surfactants would 
have to be tolerant of these electrolytes, as well as any of 
the inorganic electron acceptors in an anaerobic process. 
Dissolved electrolytes generally reduce surfactant CMC 
(Martinez del la Ossa and Flores, 1987) so this would be a 
favorable effect; however electrolytes also reduce the 
solubility of organic materials by "salting out". Under 
these conditions, nonionics would be more likely to remain in 
solution at concentrations above the CMC than anionics, 
cationics, or zwitterionics (Rosen, 1989).
2.5 Conclusions
The discussion of surfactant properties, oil recovery 
mechanisms, and field conditions suggests that the selected 
surfactants must have these preferred characteristics:
1 . good low temperature aqueous solubility,
2 . low soil and minerals adsorption,
3. electrolyte tolerance (inorganic anions and 
multivalent metal cations
4 . low oxygen demand,
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5 . some intermediate degree of chemical stability 
(long enough to sweep through a cleanup flood, but 
not so long as to leave behind lasting residues)
6 . low C M C 's,
7 . solubilization and de-wetting of the contaminant 
from the soil surface
8 . low or ultra-low interfacial tensions with a 
mixture of organic contaminants
9 . acceptable phase behavior (fluid rheology) for 
likely contaminant/water/surfactant compositions
10. HLB number and surfactant chemical type optimized 
for specific organic contaminant mixture
1 1 . non-biocidal (or short acclimatization times),
1 2 . non-toxic metabolites,
13. ultimate biodegradability to carbon dioxide and 
water.
14. ready and reproducible commercial availability
The above characteristics permit screening the main 
surfactant types to limit the suitable candidates for soil 
flushing candidates.
In general, cationics can be ruled out. Their 
propensity to adsorb to negatively charged surfaces would 
lead to excessive material losses via soil adsorption, 
alteration of the soil fabric (clay fines mobilization), and 
possible biocidal activity, depending on the previous 
exposure history of the microbial population. Amphoterics 
and zwitterionics can also be eliminated from consideration
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since they suffer from the same limitations as the cationics. 
As a group, all three types are relatively costly compared to 
anionics and nonionics, so there is no economic incentive to 
tolerate the associated technical risks.
Anionic alkyl benzene sulfonates have been extensively 
studied for applications in EOR and anionic alkyl sulphates 
have been studied as model flushing compounds. Although 
inexpensive and readily available, they exhibit poor low 
temperature solubility, sensitivity to electrolytes, soil 
adsorption and precipitation with common groundwater cations 
(Ca++, Mg4-*-, Fe+++) , high CMC's, susceptibility to hydrolysis 
(sulphates), m e d i o c r e  I F T - l o w e r i n g  w i t h o u t  a d d e d  
cosurfactant, low organic solubilization, and membrane-lytic 
activity with gram positive organisms.
Nonionic surfactants hold the greatest promise for 
m e e t i n g  the criteria of interest here. Nonionic
biosurfactants, if available, would be preferred. As a group 
synthetic nonionics have superior low temperature aqueous 
solubility, superior electrolyte tolerance, low soil 
a d s o r ption, muc h  s m aller CMC's, g r e a t e r  o r g a n i c  
solubilization, and greater IFT-lowering without added 
cosurfactant. Nonionics are mild, compatible with gram 
positive and gram negative organisms, and can be selected to 
degrade into inoffensive metabolites. In addition, a large
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number of structural types are commercially available to 
support fundamental investigations on specific structural 
effects. Their anomalous (relative to other surfactants) 
phase behavior may or may not be a drawback, depending on 
specific site operating conditions.
These general conclusions set the stage for selection of 
c o m m e r c i a l  s u r factant structures for e x p e r i m e n t a l  
investigations into relevant physical and biological 
properties.
Three types of nonionics were chosen in the appropriate 
HLB range: linear alkyl ethoxylates, linear alkyl aryl
ethoxylates, and alkyl polyglycosides. The ethoxylates are 
synthetic materials. Comparison of aliphatic vs. aromatic 
ethoxylates of the same HLB will identify any advantage of 
matching hydrophobe structure to contaminant chemistry; this 
advantage may or may not justify use of the more persistent 
alkyl aryl hydrophobe.
The alkyl polyglycosides are new surfactants, - the 
first new nonionic to be introduced in over 10 years. They 
are also synthetic materials, made from corn-source 
carbohydrates, but their structure models natural 
biosurfactants excreted by hydrocarbon-utilizing organisms. 
The volumetrically large and multifunctional carbohydrate 
head group may confer the IFT-lowering benefit of alcohol co­
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surfactant without the disadvantage of chromatographic 
separation of a chemical additive.
Although conventional anionics were not priority 
candidates for in-situ soil flushing, at least one linear 
alkyl benzene sulfonate was selected for comparative 
purposes. This was to rank the chemical, physical, and 
biological performance of the surfactant types and to compare 
with previously published results.
Two novel hybrid anionic/nonionic surfactant types were 
also selected: linear alkyl ethoxy sulfonates and linear
alkyl aryl ethoxy sulfonates. These materials contain a 
nonionic function covalently bonded into an anionic structure 
between the tail and head group. Ethoxy sulfonates are 
milder and less damaging to biological membranes than the 
corresponding sulfonates. The incorporation of ether 
linkages into an anionic sulfonate can lower oil/water IFT 
and increase electrolyte tolerance.
For biological screening only a few perfluoro hydrophobe 
anionic surfactant were included. Perfluoro compounds 
containing all C-F bonds and no C-H bonds are completely non- 
biodegradable. Microbial growth in the presence of these 
surfactants could indicate that utilization of contaminant 
substrates is not inhibited by surfactant effects. Due to 
high cost and low aqueous solubilities, the perfluoro
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surfactants are not serious candidates for physical 
evaluation.
For biological screening only one cationic surfactant 
was i n c l u d e d  to v e r i f y  u n a c c l i m a t i z e d  b a c t e r i a l  
susceptibility to a toxic agent.
The above surfactant chemical types and representative 
commercial tradenames and suppliers are listed in Table 2.11. 
Each tradename group represents a family of homologous 
surfactants with varying tail lengths and head group sizes. 
Individual compounds for specific LNAPL and DNAPL experiments 
in Ch. 3, 4, and 5 came from this pre-screened group.
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NONIONIC Linear alkyl 
ethoxylate
Neodol Shell Chemical 
Co.
Linear alkyl aryl 
ethoxylate
■.... r 1
Triton Rohm & Haas C o .
VI Makon Stepan Co.
Ethoxylated sorbitan 
fatty alkyl ester
Tween I C I Arne r i c a s 
Inc.
Sorbitan fatty alkyl 
ester





ANIONIC Linear alkyl benzene 
sulphonate
Polystep Stepan C o .
... . . . . . . . . — . . . . . . . . . . . . . . . . . . .
Linear alkyl ethoxy 
sulfonate
Avanel PPG Industries, 
Inc.









CATIONIC Alkyl trimethyl 
ammonium bromide
Cetrimide Sigma Chemical 
Co.
Except for Cetrimide, all tradename products and suppliers may be 
located in McCutcheon's Catalogue, 1988. Equivalent surfactant types 
may also be purchased from alternate suppliers. This list does not 
imply sole source availability, although variations in molecular weight 
distribution, % activity, and purity will occur with different 
suppliers.
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Appendix 2A
Application of the Laplace Equation to Calculate IFT Required 
for Droplet Mobilization in a Medium Fine Sand
given:
r = 0.01225 cm average pore radius for medium fine sand 
r,aspect ratio = —  = 4.4 (from sandstone)
ri
^=0.0045 cm, and
r2= 0.0199 cm. calculated from r and aspect ratio 
AP—  = lpsia / ft L
L = 0.04 cm
AP = 2yr 1 1^ ^Laplace equation ^
Vri r2/ ^applied across droplet









0.04cm lft li-------------------30.4 8cm A  0.0 04 5cm 0.0199cm
- i
x 1 0 dynes
cm x 14.5038psia
=>yow = 0.2 6 dynes/cm
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Appendix 2B
Conversion of Oilfield Pressure Gradient to Dimensionless
Hydraulic Head Gradient
given:
AP , .gradient —  = lpsia /ftL
for L = 1 ft AP = lpsia
p = density fluid, 62.4 lbm for water
g = 32.2 f t / s e c 2
g c =  32.2 lbm -ft / sec2 — lbf
h = "head" or height of water column







r 1 lbf 144 in2 32.2 lbm • ft
m ft' sec -lb,
\




1 ft = 2.3 dimensionless gradient at wellbore
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Appendix 2C
Sample Calculations for Hydraulic Gradient, Darcy Velocity,
IFT, and Capillary Number
Operating equations: Q = KiA (Darcy's Law
N — (Capillary Number)
c  y
E Q U A T I O N S D A T A S A M P L E  C A L C U L A T I O N
H Y D R A U L I C
G R A D I E N T
Q  V  'v = —  = Ki A
V
K
C a s e  2 0.0 88 cm/secl — ■ 2~..  —  — 8.810 cm/sec
D A R C Y  V E L O C I T Y
y  n cv = -— -
v = Ki
C a s e  1 
C a s e  3
30 dynes/cm-5X10-3 g - c m / s e c 2v ------------------------------------0.0114 g / cm-sec dyne
= 13.16 cm / sec x 2835— —t ̂  —cm / sec
= 37,302 ft / day 
v = 10"2c m /s e c x 0.05 = 0.005 cm/sec
I F T
vji
y =  — N c
Case 3 0.0005 cm / sec X0.0114 g / cm-sec dynes^ 5X10-3 g - cm/sec 
= 0.001 dynes/cm
C A P I L L A R Y  N U M B E R
Case 4 0.002 cm / sec X0.0114g / cm - sec
dynes g - cm/sec
0.2 — ---x----------
cm dyne
= 1.1 xl O'"
N
c  y
Nomenclature: Q = volumetric flow rate, cc/sec, K = hydraulic
conductivity, cm/sec, i = dimensionless hydraulic gradient, h/L, A = 
cross-sectional area, cm^ Nc = dimensionless capillary number, v = Darcy 
velocity,cm/sec,y= interfacial tension, dynes/cm,
|1 = absolute viscosity, g - cm / sec
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Chapter 3
SURFACTANT SCREENING WITH DIESEL FUEL MODELS
3.1 Introduction
Unlike gasoline which is sufficiently volatile to be 
treated by venting, diesel fuel contains higher molecular 
weight hydrocarbons and is therefore more persistent. Diesel 
fuel is thus a good candidate for surfactant flushing prior 
to enhanced bioremediation. Specific diesel composition will 
depend on the original crude, nature of refining, geographic 
location, seasonal production, and extent of weathering. 
Lacking a uniform petroleum mixture creates difficulty in 
selecting a meaningful substrate for fundamental screening 
experiments. This same problem was solved by researchers in 
enhanced oil recovery with the discovery of the Equivalent 
Alkane Carbon Number (EACN) correlation (Cash et al., 1977; 
Cayias et a l ., 1976).
Crude oil, a complex mixture of aliphatic, alicyclic, 
unsaturated, aromatic, and heterocyclic hydrocarbons can be 
modelled by
Cavg = CiXi + C2X2 + C3X3,---  (3.1)
where C^ are EACN values for the individual components, X^ are 
mole fractions, and Cavg is the EACN for the mixture.
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Pure hydrocarbons were found to model various crude oil 
interfacial tension and phase behavior properties, in 
accordance with equation 3.1. Specifically, Cayias (1976) 
reported that hexane to nonane hydrocarbons could model most 
stock tank crudes. Isomerization of alkanes was shown not to 
affect their tension behavior. The EACN concept has been 
successfully used in EOR and surfactant phase behavior 
studies (Lake, 1989;,Leung et al., 1985; Miller and 
Qutubuddin, 1984; Salager et a l ., 1987), and is the basis for 
using a model hydrocarbon for diesel.
Figure 3.1 shows a comparison of hydrocarbon 
distribution for diesel with other fuels, and a gas 
chromatogram showing families of isomers at each carbon 
number. By examination of the molecular weight distribution, 
C12-C14 paraffins were selected as reasonable models for 
diesel in initial screening experiments.
Comparing paraffinic and mineral oil hydrocarbons in 
Table 2.7 suggests an optimal HLB of about 10 for diesel 
model hydrocarbons . Surfactants were selected to bracket 
this value in the range HLB = 8.6 to 15.4. All are nonionic, 
except for Avanel S-150 which is a novel hybrid 
anionic/nonionic sulfonate. The higher HLB materials were 
included since solubilization was of greater interest than
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No. of Carbon
Atans C2 C4 Cg Cg Ciq C12 C14 Cig Cig C20 >C20







Figure 3.1 (a) Comparison of hydrocarbon distribution in
fuels (Walters et a l ., 1990)
(b) Gas chromatogram of diesel (Dunlap and 
Beckman, 1988)
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formation of stable emulsions. Specific surfactants are 
listed in Table 3.1 by tradename, type, and abbreviated 
symbolic formula. Various structures were chosen to observe 
possible effects of HLB, hydrophobe structure, and 
biosurfactant model.
3.2 Experimental
Various physical and chemical properties of the 
surfactant solutions, surfactant-model oil, and surfactant- 
model oil-sand systems were evaluated. The surfactant 
solutions were evaluated for nature of aqueous solution and 
foaming. The surfactant and model oil systems were evaluated 
for phase behavior and IFT. The surfactant, model oil, and 
sand systems were evaluated for release characteristics. 
These experiments represent the early part of a general 
method development effort; sufficient trials were conducted 
to assess a method, but not all surfactants were screened in 
all tests.
3.2.1 Materials. The surfactants shown in Table 3.1, 
were obtained as free samples from the manufacturers listed 
in Table 2.11. Surfactants were used as received. 
Accompanying MSDS sheets specified the percent active 
material, which ranged from 35% to 100%.
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Table 3.1 Surfactants for Screening Experiments with C12 and 
C14 Alkane Diesel Models
Surfactant HLB Type Formula
Span 20 8 . 6 Sorbitan
monolaurate
Rm- C (0)O-sorbitan 
m = 1 1
Tween 81 1 0 . 0 P O E (5)
sorbitan
monooleate
Rm- C (0)O-sorbitan(POE) 5 
! in=17
APG 225 1 2 . 0 Alkyl
polyglycoside
Rm-0 (C6H 10O 5) XH 
m =9, K x < 2
Neodol 23-6.5 1 2 . 1 Alkyl
ethoxylate
Rm-0(POE)xH 
m =12-13, x = 6.7
Triton TX-114 12.4 A l k y l  aryl 
ethoxylate Rnr4> -0(P0E)xH m = 8 , x = 8
Neodol 91-6 12.5 Alkyl
ethoxylate
Rm-0(POE)XH 
m = 9 , 10,11, x = 6 . 1
APG 300 13.0 Alkyl
polyglycoside
Rm-O(C6Hi0O5)xH 
m = 1 0 , 1<x < 2
Tween 21 13.3 P O E (4)
sorbitan
monolaurate
Rm~ C (0)O-sorbitan(POE) 5 
m = 11
APG 325 13.5 Alkyl
polyglycoside
Rm~0 (C6H 10O 5) XH 
m = 1 0 , 1< x < 2
APG 500 13.5 Alkyl
polyglycoside
Rm~0 (C6H 10O 5) XH 
m =12.5, l<x<2
Triton TX-100 13.5 A l k y l  aryl 
ethoxylate Rm-<j)-0(P0E)xH m = 8 , x = 10
APG 550 15.0 Alkyl
polyglycoside
Rm-O(C6Hi0O5)xH 
m =12 . 5, l<x<2
Avanel S-150 15 . 4 Alkyl ethoxy 
sulfonate Rm-0 (POE) xCH2CH2S03_Na+ m=12-15, x = 1 5
APG samples were developmental products originally received from Horizon
Chemical. (j) = phenyl group. POE represents polyoxyethylene -(CH2CH20)XH 
terminated by a primary hydroxyl group. Rm  represents an alkyl group 
CH3CH2- containing an average m  carbons. X = average number.
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Compounds used as diesel models were primarily 
tetradecane (C14) and dodecane (C12). Hexadecane (C16) and 
benzene (C6H 6 ) were also briefly used to observe effect of 
changes in hydrocarbon. Dodecane, C12, molecular weight of 
170.34, was from EM Science, 99+% purity. It is a thin, 
clear, colorless liquid with slight petroleum odor. The 
absolute viscosity at 25 °C is 1.35 centipoise (cp) (CRC, 
1895-1986). Tetradecane, C14, molecular weight of 198.39, 
was from EM Science, 99+% purity. It is a thin, clear, 
colorless odorless liquid. The absolute viscosity at 20 °C is 
2.18 cp. Hexadecane, C16, molecular weight of 226.45, 3.34 
cp at 20 °C, was from Aldrich, 99 + % purity. Benzene,
molecular weight of 78.11, 0.652 cp at 20 °C, was from
Aldrich, 99+% purity. Pentane extraction solvent, molecular 
weight of 72.15, was Nanograde, from Mallinkrodt, 98+% 
purity.
SN100, from Exxon, USA, is an isoparaffinic, middle 
distillate with an average molecular weight of 365-385. The 
fluid is viscous (42 cp at 20 °C, from Wang, 1988), pale 
yellow, and odorless. Havoline supreme 10W40 motor oil, from 
Texaco, is a more viscous clear honey liquid, 100 cp at 22 °C 
(Lenahan, 1989). The fluid is mostly paraffinic, with small 
amounts of surfactant-type additives for engine performance.
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Water for surfactant solutions and sand washing was from 
a Laboratory Milli-Q Reagent system. Five cartridges in 
series removed ions, particulates, and organics; a final 0 . 2 2  
micron filter removed bacteria. Water taken from the system 
measured 18 megaohm resistance and is referred to as DI water 
in this work.
Calibration standards for pH measurements were freshly 
prepared in 100 mL aliquots using pHydrion standard buffer 
capsules. Two calibration solutions were used to bracket the 
expected pH range, typically 4 - 7 or 7 - 10.
The model soil was pure Silica sand, trademark Granusil 
from Unimin Corp., Emmett Idaho. The sand was dry sieved 
into three fractions, 30 - 60 mesh, 60 - 100 mesh, and 100+ 
mesh. The 60 - 100 mesh fraction corresponds to fine sand, 
with a grain size of about 0.15 - 0.25 mm (Fetter, 1988) . 
Before use the sand was washed several times with DI water to 
remove fines, filtered, air dried, and oven dried overnight 
at 100 ° C . It was stored in a sealed glass jar in a 
desiccator over Drierite desiccant.
3.2.2 Me t h o d s . Surfactant solutions were prepared in 
500 mL batches. The appropriate amount of surfactant was 
measured into a vial or small beaker, weighed to four decimal 
places on a Mettler AE260 electronic balance, and transferred
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with DI water rinsing to a clean 500 mL volumetric flask. 
Depending on dissolution rate and foaming, several hours to a 
few days time could be required to complete transfer and 
dilution up to volume. Most solutions were prepared in the 
2-3 wt% range.
Surfactant solution pH was measured using a Fisher 
Accumet model 825 MP meter equipped with a combination glass 
electrode. Calibration was performed regularly using a two 
point method bracketing the expected value.
Foaming tendencies were evaluated with a 5 to 10 mL 
aliquot of the surfactant solution. The solution was 
carefully poured into a glass column (1/2" diameter, 13" 
height), stoppered and the liquid height was recorded as the 
time zero value. It was then hand shaken 1 minute, and 
allowed to stand undisturbed. Foam height and liquid height 
were measured as a function of time to monitor foam 
production, stability and amount of consumed surfactant 
solution.
Phase behavior tests were done by combining measured 
volumes of surfactant solution and select model alkane in a 
Corning glass 13mm x 100 mm culture tube equipped with a 
teflon lined phenolic screwcap. The cap was additionally 
sealed with a strip of wax parafilm as a precaution against 
leakage. The sample was gently tipped back and forth a few
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times to qualitatively observe dispersion and emulsification 
behavior, and then vortexed on high for 1 minute on a Lab 
Line supermixer. The sample was allowed to stand undisturbed 
and observed over a time interval of several months. Height 
of emulsion phase, free oil, and free aqueous phase were 
measured after reaching constant values, and later converted 
into volume.
The nature of produced emulsion phases oil-in-water, 
(0 /W), or water-in-oil, (W/0 ) were determined by one of three 
qualitative tests (Rosen, 1989) . A drop of 0/W emulsion 
placed on a filter paper would spread rapidly; a W/0 emulsion 
would n o t . A drop of 0/W emulsion would dilute or disperse 
readily when added to water; a W/0 emulsion would n o t . A few 
drops of water soluble dye, fluorescein, would diffuse 
readily when added to an 0/W emulsion, coloring the 
continuous aqueous external phase. Diffusion was very slow 
in a W/0 emulsion, or did not occur if the aqueous dye 
solution dropped through the W/0 emulsion to the lower 
aqueous phase.
Oil/water interfacial tensions were measured using the 
spinning drop technique (Cayias et a l . , 1975) . Glass
capillary tubes and microliter syringes were scrupulously 
cleaned with chromic acid to remove traces of adsorbed 
organic that could provide sticking sites for the suspended
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oil d r o p l e t . The oil/water systems containing various 
surfactants were pre-equilibrated for at least one week prior 
to IFT measurement. A drop of oil was quickly inserted into 
the capillary containing surfactant solution, the tube sealed 
with a teflon gasket pressure cap, and inserted into the 
tensiometer for optical measurement of droplet dimensions.
The tube was allowed to spin and thermally equilibrate 
at least 15 minutes before collecting data. Two spinning 
drop tensiometers were used: a University of Texas model
#500 (courtesy of BP) and model #300 (courtesy of the CSM 
department of chemistry and geochemistry) . The #300 model 
was reconditioned with new telescopic sights and strobe 
optics. Although older and mechanically less efficient than 
the model #500, the #300 was built with a water-cooled 
condenser enabling determination of IFT at temperatures less 
than 30 °C. Heating from the running motor on the #500 raised 
the sample temperature to 27 - 30 °C after only a few minutes 
operation.
There was a need for subjective decision-making in 
focusing and lining up the microscope cross-hairs with 
droplet boundaries to measure the spinning drop. Vertical 
measurements of the width were most stable, as lateral left- 
to-right movement of the drop did not change placement 
between horizontal cross-hairs. Horizontal measurements of
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the drop length were more difficult as slight lateral 
movement of the drop moved it away from the stationary 
reference cross-hair. Levelling adjustment of the entire 
spinning assembly was then used to stabilize the spinning 
drop and several measurements of length and width were taken 
to allow for the error of a slightly drifting drop.
Shaker extraction tests were conducted using a measured 
amount of fine (60 - 1 0 0  mesh) sand, typically 1 0 - 2 0  g 
measured directly into a 125 mL glass erlenmeyer flask fitted 
with a lined phenolic screwcap. A measured amount of liquid 
C14 was added dropwise until the sand was just saturated. At 
this point the formerly free-flowing sand was completely 
stuck together by the imbibed oil. About 20 - 40 mL of 3 wt% 
surfactant solution was poured into the flask, the flask was 
sealed and placed on a wrist action shaker for 30 minutes. 
The size of flask and volume of contents were scaled to allow 
for vigorous agitation.
In the first experiments, washed sand was separated from 
liquid by filtration, rinsed with DI water, and oven-dried at 
60 - 80 °C to constant mass. Released C14 could not be
directly recovered from the filtrate liquid due to 
emulsification. Refrigeration of the liquids overnight was 
unsuccessful at inducing 0/W separation.
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Pentane and saturated NaCl salt solution were added to 
the emulsion to help separate the C14 and surfactant 
solution, the system vigorously shaken, and allowed to 
separate in a separatory funnel. The lower aqueous phase was 
discarded. The recovered organic layer was treated with MgSC>4 
to remove traces of entrained water, and decanted with 
pentane rinsing through filter paper to recover the C14 and 
pentane mixture. The volatile pentane was evaporated in a 
water bath at 60 °C to isolate the C14.
The above procedure was unsatisfactory due to material 
losses arising from incomplete 0/W separation and extensive 
time requirements. In an improved method for C14 hydrocarbon 
recovery, wash liquids were decanted from the sand directly 
into a 50 CC teflon centrifuge tube. Two 10 mL aliquots of 
fresh DI water rinse and 10 mL of saturated NaCl were also 
added to the centrifuge tube. Partial 0/W separation was 
achieved after 10 min centrifugation at 4,000 rpm (20% power) 
on a IEC/HT centrifuge. The separated C14 oil was carefully 
removed with a Pasteur pipette. Pentane was added to the 
remaining water and 0/W emulsion in the centrifuge tube and 
centrifugation repeated to recover more pentane/C14 oil.
This extraction/centrifugation sequence was repeated 
three times. The remaining emulsion was broken by direct 
addition of MgS 0 4 , the released oil removed by Pasteur
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pipette, and the hydrated MgSC>4 rinsed with pentane. All 
pentane/C14 layers were combined and evaporated to constant 
mass. The washed sand was treated as before, rinsed with DI 
water to remove surfactant and oven dried to constant weight.
Gravity infiltration tests were conducted in 15 mL 
conical Kimax glass tubes equipped with lined screwcaps. 
About 5.3 g (corresponding to about 3.9 mL) of fine sand was 
added, followed by about 1.3 g (measured) of C14 liquid. The 
sample was sealed and centrifuged at 4,000 rpm (20% power) 
for 20 minutes to consolidate the C14/sand and remove trapped 
bubbles. The amounts of sand and C14 liquid were scaled such 
that the produced matrix was saturated at the bottom and just 
unsaturated near the top, so there was no free floating oil.
Ten mL of surfactant solution was gently poured into the 
tube, taking care not to disturb the simulated contaminated 
sand, and the tube allowed to stand undisturbed. The amount 
of released LNAPL was recorded at various time intervals by 
direct measurement of volume of free oil that had risen to 
the top of the aqueous surfactant solution.
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3.3 Results and Discussion
3.3.1 Surfactant S o l u t i o n s . Using the procedure 
d e s c r i b e d  in e x p e r i m e n t a l  methods, a v a r iety of 
characteristics was observed for the various surfactant 
solutions at 3 wt% in DI water. The higher the surfactant 
HLB, the faster the dissolution rate of surfactant in water 
and the clearer (less turbid) the solution. This is 
consistent with increasing hydrophilic character. The 
anionic surfactants dissolved most readily, followed by the 
APG 225 - 325 series which are more hydrophilic than the
corresponding nonionic ethoxylates. The resulting solutions 
had low viscosity comparable to DI water. The rapid 
dissolution and low viscosity would be favorable properties 
for field blending and use.
The low HLB surfactants, Span 20 (HLB = 8 .6 ) and Tween 
81 (HLB = 10) formed milky dispersions that would phase
separate or oil out with time. They could be redispersed by 
gentle swirling or agitation. The Tween 81 system produced 
iridescent liquid crystals and was nearly gel-like in 
consistency. It was the only surfactant that did not foam 
during preparation. The latter would be a desirable trait 
for blending and injection control if the higher viscosity 
could be tolerated.
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The pH of the solutions varied from 4.3 to 9.3. Not all 
systems gave stable pH values, as the surfactant modified the 
H+ ion activity at the glass electrode with time. There was 
a tendency for the pH to drift downwards. The instability of 
pH measurements is well known in the surfactant literature 
(private communication with vendors). Although the accuracy 
of the meter was good to three decimal places with 
calibration buffer solutions, the surfactant solution values 
had a larger associated error of i  0.2 pH units as determined 
by repeated measurements.
Although bacteria are known to exist over a wide range 
of pH, optimal growth with minimal acclimatization time would 
require a solution pH near that of the natural soil 
environment. Also, introduction of a solution of 
significantly different pH from the soil environment could 
cause changes in soil fabric and aqueous geochemistry. Thus, 
the range in observed pH for the prepared surfactant 
solutions indicates that flushing solutions for field use 
would likely require pH adjustment. Since mineralization of 
hydrocarbons proceeds most rapidly at pH = 6 - 8 (Morgan and 
Watkinson, 1989) most surfactant solutions for field use 
would require only a small adjustment.
The physical properties of the solutions are summarized 
in Table 3.2.
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Table 3.2 Surfactant Solution Characteristics for Dilute
3 wt% Preparations.
Surfactant HLB Type !Solution Characteristics
Appearance pH i  
0.2








APG 225 12.0 Alkyl
polyglycoside
clear pale yellow 
solution 6.6




12.4 A l k y l  a r y l  
ethoxylate
bluish white cloudy 
solution 6.6

































Differences in foaming properties were first noted 
during the preparation of these surfactant solutions. Since 
this characteristic might influence the choice of otherwise 
equivalent materials, a series of foaming tests was 
performed.
3.3.2 Surfactant Foaming. Production of foam during an 
in situ cleanup process could be a nuisance in mixing of the 
surfactant solution, and during injection and recovery due to 
loss of flow control and volume overflow. Foams are a coarse 
dispersion of gas in a relatively small amount of liquid. 
Foam cells vary in size from about 50 microns to several 
millimeters (Ross and Morrison, 1988). Pure liquids do not 
stabilize foam but allow entrained gas to coalesce and 
escape. Surfactants stabilize foams by a complex interplay 
of mechanisms: enhanced elasticity of the film from the
Marangoni effect, formation of gelatinous surface layers with 
surfactant aggregation or association, and immobilization of 
interstitial liquid by electrostatic effects.
A s s e s s i n g  foam properties is not trivial, as 
temperature, pressure, surfactant concentration, presence of 
particulates, method of generation, relative humidity, and 
container wall effects can all influence the outcome. 
Nishioka (1988) reported 3 to 4% reproducibility in
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evaluation of static foam stability using a sophisticated 
computer-interfaced foam generation apparatus. The principle 
of operation and analysis is monitoring of total foam area as 
a function of time.
Since the practical interest in this work was to quickly 
compare surfactant foaming a simpler approach was used. A 
measured volume of surfactant was agitated for 1 minute and 
the height of the column of generated foam was observed. 
This was a measure of foam production, or the amount of foam 
that a given surfactant could produce. Foam quality could 
also be determined by taking the ratio of produced foam to 
amount of aqueous solution consumed in the foam cells.
Preliminary tests indicated that another variable 
distinguishing surfactant performance was the foam stability. 
All systems showed similar rapid initial drainage rates but 
differentiation was noticeable after about two minutes. Foam 
height was often not a smooth continuous function of time but 
exhibited sharp discontinuities . During gravity drainage 
some critical lamellar thickness would be reached and a 
partial collapse would occur.
The different yet complementary aspects of foaming 
behavior, foam production and foam stability, are both 
reported here. Foam production is reported as the one hour 
time average of foam height, and foam stability is reported
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as the foam quality as a function of time. During drainage 
of liquid from persistent foam cells, the value of foam 
quality increases with time. Partial or complete collapse 
causes a sudden reduction in foam quality.
The laboratory data are summarized in Tables 3A.1 - 3A.5 
in Appendix 3A and a graphical representation of the results 
is included here to support the discussion. The main 
observations were that the surfactants could roughly be 
categorized as foam producers or non-producers, and that 
decreasing temperatures increased foam stability.
Figure 3.2 is a bar graph representation of foam 
production from 0 to 26 °C for two groups of surfactants. 
Neodol 91-6 was tested in both groups as an internal 
standard. Part (a) scanned the HLB range from 10 to 15.4 and 
the significant difference between Tween 81 and all the other 
materials is readily apparent. Tween 81, with HLB of 10 was 
unequivocally non-foaming. Foam production was minimal, and 
drainage and collapse were rapid. Tween 21, chemically
similar but with HLB of 13.3, foamed.
The results in (a) also suggest that foam production 
decreased with increasing temperature. Part (b) of Figure
3.2 compares three nonionic surfactants with similar HLB but 
different structure at 13 and 24 °C and in this group the
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temperature effect was inconsistent. The trend to higher 
average foam at lower temperatures that was observed in part 
(a) is likely due to increased viscosity reducing the rate of 
film drainage. Superimposed on this effect are changes in 
surfactant solubility, diffusion, and aggregation with
temperature which may be controlling the outcome observed in
part (b).
Figure 3.3 shows foam quality vs. time at 13 and 24 °C. 
The position of the curves was consistent with the foam 
height rank order observed in Figure 3.2(b). There is no 
evidence in Figures 3.2 and 3.3 for a correlation between HLB 
and foam production. HLB is a bulk property while foaming is 
a function of lamellar structure, surface tension and fluid 
rheology.
Figure 3.4 shows the foam quality vs. time at three 
progressively higher temperatures, 0, 21, and 26 °C. Two
surfactant solutions froze (Tween 81 and Neodol 23-6.5), and 
are omitted from the 0 °C plot in (a) . Within a single plot
of quality vs. time all the curves initially rose as foam
persisted during early stages of film drainage. Then there 
was a plateau for a stable foam with minimal drainage. After 
a few days the curves eventually dropped to zero when all 
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The trend in families of curves in Figure 3.4(a) to (b) 
to (c) shows an overall decline in the amount of foam that 
can be sustained by a given amount of surfactant solution at 
higher temperatures. Low temperatures enhance foam stability 
and this would be expected to be a problem in the field. The 
sharp breaks in Figure 3.4(b) represent a massive foam 
rupture and collapse.
Because the foam tests were necessarily conducted in 
small groups, one surfactant, Neodol 91-6, was included in 
all tests to check for reproducibility and data scatter. 
Figure 3.5 summarizes the foam production (a) and foam 
quality results (b) for Neodol 91-6 at various temperatures. 
In Figure 3.5(a) the change in foam production with 
temperature is not smoothly linear. Changes over small 
temperature intervals (24 - 26 °C) were small, probably
physically negligible, and reflected an experimental error of 
about ±  10%. There was a trend to higher foam production 
with lower temperature.
The foam quality data in Figure 3.5(b) complemented the 
production data of 3.5(a). The temperature curves variously 
showed an initial increase in foam quality due to liquid 
drainage from stable foam cells liquid followed by a plateau, 
followed by an ultimate decline. Although the foam 























































stability at this temperature was the greatest. The 
shallower slope of this curve reflected slower drainage, and 
the higher plateau indicating a higher foam quality suggests 
more efficient foam stabilization with a lesser amount of 
consumed surfactant solution.
Even though nonionics as a group are not very good 
foamers (Rosen, 1989), the results here indicate that some 
foaming will generally occur. The average foam production of 
all tests (excluding non-foaming Tween 81) was 11.7 i  5.6 cm. 
The average foam quality for all foamers was 4 9.8 i  41. The 
high quality indicates that as a rule of thumb, one volume of 
dilute surfactant solution can produce and temporarily 
sustain about 50 volumes of foam.
Since foaming can be generally expected in the field 
implementation of surfactant flushing, unit operations 
(mixing, pumping, injecting,etc. ) should be designed to 
minimize or accomodate foaming. Alternately, use of low 
levels of anti-foam may need to be evaluated.
3.3.3 Phase B e h a v i o r . Ternary phase behavior 
experiments provide information on solution behavior of 
immiscible liquids (oil, water) in the presence of a third 
component, the surfactant. The dual goal of these 
experiments was to determine if phase behavior could be
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usefully correlated with HLB in systems relevant to 
environmental clean-up and to investigate glycolipid 
biosurfactant models with LNAPL models.
The phase behavior experiments consisted of mixing 
increasing amounts of oil with aqueous surfactant solution up 
to a 1:1 volume ratio. The control samples consisted of 1:1 
volumes of model hydrocarbon such as C12 or C14 with DI 
water.
Experiments with sixty-two samples consistently showed 
that the surfactant solutions formed homogeneous fluid white 
emulsions in contrast to controls where no emulsification was 
ever observed. The oil and water of the control samples 
separated instantly when agitation was stopped. However, 
even in the 1 : 1  surfactant solution and oil system, all of 
the added oil was emulsified and remained emulsified with no 
visible phase separation for over one year.
The results could qualitatively be grouped into one of 
two types: the few systems that formed microemulsions and
the many systems that formed macroemulsions. The
microemulsion systems are discussed first, as their 
properties are potentially more useful for in-situ flushing.
Upon initial quiescent physical contact of oil and 
surfactant solution no interfacial activity was observed 
except in those systems that u l t i m a t e l y  formed
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microemulsions. In these samples a trace of whitish swirling 
could be seen at the 0/W interface even before mixing. This 
apparent spontaneous emulsification was consistent with the 
established observation that formation of microemulsions does 
not require intense agitation and is equivalent to having 
ultralow interfacial tensions less than 10-2 dynes/cm (Ch.2; 
Rosen, 1989; Puig et a l . , 1978). Agitation produced the
typical white fluid 0/W emulsion initially observed with all 
the surfactants tested, but upon standing the separation and 
phase characteristics differed significantly from the 
macroemulsion systems.
The microemulsion systems demonstrated very slow phase 
separation. Visual detection of a developing 0/W interface 
was nearly impossible in a homogeneous opaque white fluid. 
Clarification of a separate microemulsion phase, whether 
upper, middle, or lower phase took about three months and was 
thus not initially detected in the phase behavior tests.
Once formed, the microemulsion phases were very distinct 
from the bulk macroemulsions. Unlike the opaque white 
macroemulsions (opaque and white due to extensive light 
scattering by large droplets) , the microemulsions were clear- 
to-translucent and exhibited the classic Tyndall effect 
(Prince, 1977).
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The Tyndall effect arises from differential scattering 
of long and short wavelengths of light. When a microemulsion 
was viewed with reflected light, it appeared bluish, and when 
viewed with transmitted light it appeared orange-reddish. 
When viewed through cross-polarizers, isotropic oil and 
water phases were black, but the microemulsion phases 
appeared luminous white due to scattering of the plane 
polarized light by particles smaller than 1000 Angstroms. 
These optical characteristics plus the observed stability of 
greater than two years made it possible to identify the 
microemulsion distinctly from a stratifying macroemulsion.
The microemulsion-forming systems are listed in Tables
3.3 -3 5. The largest volume of middle phase microemulsion 
was observed with Tween 81, an HLB 10 surfactant, listed as 
entry 4 9-3 in Table 3.3.
In the equilibrated sample 4 9-3, the upper layer of 
clear oil was 2.52 mL, the middle phase microemulsion was 
1.05 mL, and clear lower layer of water was 3.44mL. 
Comparison with starting volumes of oil and water (3.50 mL 
each) indicates that about 0.98 mL of oil has been 
solubilized in about 0.06 mL of water producing a 
microemulsion of about 94 volume % o i l .  Since the starting 
aqueous Tween 81 solution was an opaque white liquid crystal 
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clear, it is probable that the surfactant had also 
concentrated in the microemulsion layer.
These results demonstrated microemulsion formation with 
an HLB 10 surfactant in a simple ternary system of dilute 
aqueous surfactant and oil without added cosurfactant. 
Since the formation of a middle phase microemulsion is known 
to signify ultralow IFT, this result is potentially promising 
for recovery of LNAPL organics from contaminated soils.
The model hydrocarbon C12 belongs to the same chemical 
family as mineral oil and paraffin wax, whose required HLB 
was listed as 10 (Table 2.7) . This demonstrates the 
usefulness of analogy in applying the HLB concept. It could 
theoretically be extended to describe complex mixtures of 
organic contaminants.
When the C12 was replaced by C16 (sample 69-6 Table 3.3) 
middle phase microemulsion still formed with Tween 81 but the 
amount decreased from 1.05 mL to 0.65 mL, consistent with the 
decreased aqueous solubility of the higher hydrocarbon. In 
this sample the amount of oil in the microemulsion also 
decreased to about 0.3 6 mL oil in 0.28 mL water, or about 56 
volum e % o i l .
Entry 4 9-2 of the same table shows nearly equal amounts 
of excess oil (3.23 mL C12) and excess water (3.20 mL) 
yielding a microemulsion of 47 volume % o i l .  This is
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consistent with a more hydrophilic surfactant, Tween 21, HLB 
13.3 compared to Tween 81, HLB 10. The fact that other non- 
Tween surfactants of similar HLB (APG 300, HLB = 13; APG 325 
HLB = 13.5, TX-111 HLB = 13.0, TX-100 HLB = 13.5) did not 
produce microemulsions suggests that the specific chemical 
structure of the sorbitan head group was somehow responsible.
Based on characteristic nonionic phase behavior (Ch.5, 
Figure 5.9) it is thought that these other higher HLB 
nonionic surfactants could also form microemulsions with C12 
or diesel but at higher temperatures near their PIT (Ch. 2) 
and/or in the presence of dissolved salts. In those 
conditions their hydrophilic character would be reduced 
leading to greater interfacial concentration, lowering of 
IFT, and progressively finer emulsions. However higher 
temperature systems are not of interest to in-situ flushing.
Based on the observation of microemulsion at HLB 10 at 
ambient temperatures (20 - 25 °C) two types of surfactant
blends were also evaluated to determine how narrow the HLB 
requirements were. In type one, the two glycolipid 
structures Tween 81 (observed microemulsion former) and APG 
300 (observed macroemulsion former) were blended to produce 
mixtures with HLB 10 to 13. The volume proportions are shown 
in Table 3.4, using a simple linear mixing rule to estimate 
the HLB of the mixture.
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Entries 55-8 and 55-m in Table 3.4 show that
microemulsions formed at HLB of 10.25 and 10.5, but that 
above HLB of 11 the system produced only macroemulsions, 
having become too hydrophilic. Comparison of phase volumes 
indicates that at 23 vo lum e % o i l  in the 55-m 
microemulsion, solubilization of oil was less than the 94 
volume % observed for the single surfactant Tween 81 system. 
Small domains of liquid crystals were observed in the upper 
and lower regions of the middle phase microemulsion, 
reflecting complex surfactant interactions.
In the second type of blend, two non-microemulsifying 
surfactants were blended across the HLB range of 8.6 (pure 
Span 20) to 13.0 (pure APG 300). These are both relatively 
large carbohydrate head group surfactants and potential
models for a biosurfactant glycolipid. Data in Table 3.5 
shows varying amounts and phase locations of microemulsions
from HLB 9 to 10.5. This series demonstrated the usefulness
of HLB in bracketing desired phase behavior, and suggests 
that an operating range of at least 1.5 HLB units may exist 
for microemulsion formation and ultralow O/W IFT. An 
interesting effect occurred in the transition from HLB of 10 
to 10.5.
In this interval the system changed from an undesirable 
upper phase water-in-oil microemulsion (sample 55-3, Table
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3.5) to the preferred lower phase oil-in-water microemulsion 
(sample 55-4, Table 3.5) consistent with the increasing 
hydrophilic character of the surfactant blend. Within the 
HLB scan, sample 55-4 produced the largest volume (3.82 mL) 
of microemulsion in equilibrium with excess oil. Examination 
of phase volumes indicated the microemulsion was about 8 .4  
volum e % o i l .
The significance of these findings is that non­
microemulsion forming surfactants could be induced to form 
stable microemulsions containing solubilized C12 by blending 
to form a mixture HLB of 9 - 10.5.
Macroemulsions formed at an HLB of 11. This would be 
undesirable for in-situ flushing because of the tendency to 
oil droplet coalescence and increased viscosity. The 
produced macroemulsions were of the O/W type. Of the four 
samples 55-1 to 55-4 (Table 3.5) below HLB of 11 the oil-in- 
water microemulsion of 55-4 would be preferred for in-situ 
flushing. The narrow HLB range over which the transition 
occurred indicates that careful matching to the contaminant 
substrate would be required to achieve contaminant recovery 
by microemulsification.
None of these mixed system microemulsions from Table 3.5 
exactly mimicked the original observations with Tween 81 at 
HLB of 10. The mixed surfactant produced microemulsions had
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lower concentrations of dissolved oil than in the simple 
Tween 81 system. This highlights the importance of 
surfactant chemical structure in addition to overall 
hydrophilic-lipophilic character. The observation of 
microemulsion with Tween 21 (HLB of 13.3) further confirms 
the importance of chemical structure as other nonionics with 
similar HLB but different head groups did not form 
microemulsions.
Formation of middle phase microemulsions with low 
concentration of surfactant and without added cosurfactant 
was unexpected. The literature for nonionic and anionic 
surfactants suggests that concentrations of at least 6-10 wt% 
surfactant and/or combined surfactant and cosurfactant are 
required to form microemulsions (Comelles et a l . , 1986;
Venable et al., 1986; Kahlweit and Strey, 1985; Gogarty, 
1978; Salager et al., 1978; Jones et a l . , 1976) . This
apparent difference may be due to the lack of a sharp 
transition from micellar solution to microemulsion as 
interpreted by different workers.
The discovery in this work of homogeneous isotropic 
translucent stable fluids (microemulsions) within the Tween 
81, Tween 21, Tween 81/APG 300 mix, Span 20/APG 300 mix 
systems is promising for in-situ flushing. These samples 
identified an HLB bracket of 9-10.5, plus 13.3 for the
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conditions studied. Furthermore, these materials are 
chemical models for glycolipid biosurfactants, a structural 
type anticipated to be biocompatible with soil bacteria and 
overlooked by previous workers in soil flushing.
Even though the particular compounds first studied may 
not be optimal candidates due to their solution properties 
(viscous liquid crystal dispersion, poor aqueous solubility, 
tendency to adsorb/precipitate/oil out) the data suggests 
that other surfactants able to form ultralow IFT 
microemulsions may be found more rapidly by screening within 
or slightly above this HLB range. Also, the HLB can be 
scaled upwards to allow for the actual conditions of use: 
hard water and the more polar nature of aged diesel 
contaminant.
One potential problem with low HLB (10 or less) 
surfactant flushing systems is increased adsorptive loss due 
to the low water solubility. Specifically, Vigon and Rubin 
(1989) reported extensive adsorptive losses on synthetic soil 
with an HLB of 10 alkyl aryl ethoxylate, with adsorption 
decreasing with increasing HLB. Thus contaminants chemically 
requiring such low HLB surfactant solutions to achieve 
microemulsif icat ion and ultralow IFT may not be good 
candidates for cost-effective recovery by surfactant 
flushing.
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Upon standing most higher HLB systems (greater than
10.5) separated into a viscous upper O/W macroemulsion over a 
clear lower aqueous layer. This phase separation and aqueous 
clarification occurred on the order of days and after about 
two weeks no additional phase volume changes were detected. 
Although the initial vortexed emulsion was very thin and 
fluid, the separated macroemulsion was viscous. This is 
attributed to the larger particle size of coalesced oil 
droplets (larger than 1000 Angstroms) and the large internal 
oil phase volume dispersed in a thin film of aqueous external 
phase.
Tables 3.6 - 3.10 contain phase behavior results for
systems forming macroemulsions. Inspecting the phase volume
data reveals that all of the oil was emulsified by only a 
small volume fraction of the aqueous surfactant solution.
A specific example (test tube 33-6) from Table 3.7
showed that for a 1:1 starting volume ratio of 3.50 mL oil
and 3.50 mL surfactant solution, the volume of produced 
emulsion phase was 3.99 m L . This volume consisted of the 
original 3.5 ml of oil dispersed in only 0.4 9 mL of aqueous 
surfactant solution yielding a ratio of internal to external 
phase volume of 7:1. This macroemulsion was about 88 % oil 
and only 12 % aqueous solution, indicating a significant
degree of oil/water separation from the initial 1:1 emulsion.
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This behavior was characteristic for most surfactants 
with HLB above 10.5 as summarized in Tables 3.6 - 3.10. If 
this degree of oil/water separation could be achieved in the 
field with a recovered contaminant, it might be adequate for 
processing by biotreatment or incineration, depending on the 
nature of the oily contaminant.
Table 3.6 compares phase behavior of a single surfactant 
with two different aliphatic model oils, C12 and C14 . No 
difference was apparent, and similar amounts of macroemulsion 
formed at all O/W proportions tested. The crystal clear 
lower surfactant phase showed none of the characteristics of 
a microemulsion, suggesting minimal oil solubilization.
Tables 3.6 - 3.8 summarize results for the APG series of 
biosurfactant model alkyl polyglycoside surfactants. The HLB 
range was from 12.0 - 15.0. Formation of macroemulsion and 
no microemulsion suggests this HLB was too high for the C12 
substrate at ambient conditions. Unfortunately, an APG type 
surfactant with lower HLB about 10 is not commercially 
available to test this hypothesis.
The results in Tables 3.6 - 3.10 show that four other 
nonionics and one nonionic/anionic hybrid in the HLB range 
from 12.1 to 15.4 produced similar macroemulsions. Changing 
to a more polar oil (benzene) inhibited macroemulsification 
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non-microemulsion forming surfactants were combined to yield 
an average HLB about 10, microemulsion formation indicative 
of ultralow IFT was observed. This data was discussed 
earlier for the Span 20 (HLB 8.6) and APG 300 (HLB 13) system 
in Table 3.5.
Previous workers in surfactant soil flushing have not 
reported attempts to correlate phase behavior with HLB. 
Separately, the importance of a three phase microemulsion 
system as an indicator of ultralow IFT was reported by Union 
Pacific (1987) and the idea of substrate matching HLB was 
mentioned by Vigon and Rubin (198 9). Neither of these groups 
considered the correlation between phase behavior and HLB, 
nor the consequences of a low HLB demand substrate for in 
situ soil flushing.
Failure and disappointment in pilot soil fushing tests 
might have been averted in the Volk National Air Guard 
surfactant flushing field trial (Nash, 1987) and in the field 
trial of Graves and Leavitt (1991) had screening phase 
behavior experiments been done first. In the Volk test case, 
soil contamination consisted of jet fuel, solvents, and 
lubrication oil. In the Graves and Leavitt test, the 
contaminant was petroleum hydrocarbons from a refinery and 
manufacturing site.
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Polar constituents such as chlorinated solvents and BTEX 
would require a surfactant HLB of 15. The jet fuel and 
petroleum hydrocarbon would be more like diesel, requiring an 
HLB of about 10 - 12 depending on aromaticity. Neither group 
of workers reported characterization of the actual
contaminant mixture, nor consideration of chemically matching 
the surfactant to the contaminants.
In the Volk test a 1.5 wt% blend of nonionic nonyl
phenol ethoxylate and ethoxylated fatty acid ester 
surfactants, both of HLB about 13 were allowed to slowly 
percolate into shallow 1 ft deep test holes. In the Graves 
and Leavitt test, the same ethoxylated fatty acid ester
without added nonyl phenol ethoxylate was added directly to a 
test plot of contaminated soil to a 0.5 wt% surfactant/soil 
loading. The soil was maintained at 50 - 75% moisture.
Neither group reported success with either type of 
surfactant application. Nash postulated, reasonably, that
flow bypassing had occurred, and that this was responsible 
for no enhancement in contaminant displacement. The desired 
effect of enhanced petroleum biodegradation due to increased 
solubilization was not detected by Graves and Leavitt. They 
postulated that rapid biodegradation of the surfactant was 
responsible.
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Even though the above rationalizations are feasible, 
this author believes both systems were too far from optimum 
to be effective. First, the HLB 13 surfactants used do not 
yield ultralow IFT's at ambient temperatures with the oils 
mentioned. Saito and Shinoda (1967) have clearly
demonstrated the a nonionic surfactant must be near its cloud 
point or phase inversion temperature (PIT) to be most 
interfacially active. For nonionic ethoxylates of HLB 13 the 
PIT ranges from 30 to 80 °C for the contaminants of interest, 
considerably above average soil temperatures of 15 °C. Thus, 
the low tensions necessary for good soil infiltration and 
contaminant microemulsification were not technically 
achievable in the described systems. The tendency to form 
macroemulsions with higher HLB surfactants may have caused 
the poor results.
A surfactant phase behavior-HLB correlation will not be 
absolute (as shown here with the Tween 81 and Tween 21 
results) but depend on temperature and system composition. 
Still, the interpretation of previous work and phase behavior 
results obtained here convey the usefulness of HLB as a 
starting point in identifying and evaluating candidate 
surfactants. The HLB-phase behavior approach merits further 
investigation for application to environmental cleanup, as 
surfactant flushing will not succeed with only one surfactant
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deployed for all contaminants in all geologic conditions and 
climates.
Future work on diesel recovery should investigate the 
HLB demand of several real fresh and weathered diesel fuels 
to determine a representative HLB distribution. This could 
be done with the phase behavior experiments described here. 
If the HLB demand is not much higher than 10, then low- 
temperature solution and adsorption experiments would be high 
priority to demonstrate that the solution properties of such 
low polarity surfactants are acceptable. Surfactant flushing 
may not be technically feasible for such low polarity 
contaminants without additive formulation (co-surfactant 
alcohols).
3.3.4. Interfacial T e n s i o n . A cursory survey of 
interfacial tension was made, focusing on those nonionic 
systems that were undifferentiated in the phase behavior 
experiments and that were relevant for comparison with 
previous work. Previous workers in soil flushing with fuel 
hydrocarbons either did not measure IFT or reported only 
surface tension data. The latter is essentially useless 
where oil/water interactions are of concern since most 
surfactants above the CMC will give reasonably similar values 
of about 30 dynes/cm. An exception to this is a class of
T-4054 175
perfluorochemical surfactants that can lower surface tension 
below 20 dynes/cm, but their low aqueous solubility, non- 
b i o d e g r a d a b i l i t y  and high cost exclude the m  from 
consideration for soil flushing.
The basis for the spinning drop method is analysis of 
drop shape and size for a drop of the less dense phase 
hydrocarbon suspended in a solution of the more dense phase 
(surfactant solution). The ideal case for an infinitely long 
drop, assuming cylindrical shape and hemispherical ends was 
solved by Vonnegut (1942) . The interfacial tension Y i n  
dynes/cm is a function of the fluid density difference Ap in 
g/mL, the angular velocity CO in radians/s about the X axis, 
and the vertical semiaxis width Y0 of the cylindrical drop, in 
cm, as shown in equation 3.2.
Apa)2 Y„3T= 4 (3.2)
This representation has been found accurate to within 0.05% 
for real droplets where the shape factor is at least 4, as 
shown in equation 3.3.
shape factor y (3.3)
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X is the length of the cylindrical drop and Y is the width, 
both measured in cm.
The Vonnegut equation was used to calculate IFT in these 
experiments, in a slightly modified form to accommodate the 
nature of the experimental measurements. The instruments 
recorded the period P, in millisec/cycle, not the angular 
velocity coin radians/s. The period and angular velocity are 
related as:
where v i s  the spinning velocity in cycles/s. There is also 
an instrument-specific adjustment of 1.332x100 to correct the 
measured Vernier A y for index of refraction, 10X optical 
magnification, and unit conversion from mm to cm. When these 
constant corrections and substitutions are made to equation
3.2 including conversion from semiaxis Y 0 to the 
experimentally measured full axis A Y , the operating equation 
for calculating IFT becomes:
(3.5)
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Equation 3.5 was used to calculate IFT' s for all the 
samples tested. The advantage is simplicity, - only one drop 
dimension is required and since spinning drops can be 
unstable, this greatly reduces measurement time.
For those cases where the drop shape was almost 
spherical the IFT was calculated using a modification 
proposed by Cayias et a l . (1975):
The terms of equationn 3.6 are as before, but C is a number 
found from a table of drop shape factors in which spherical 
and cylindrical geometries are related through a unique 
radius r giving rise to equal drop volumes for either 
geometrical shape. The operational form of equation 3.6 in 
which angular velocity is replaced by period is:
r2nxl03 V 
, P >J _ 9.8696 x 106 • Ap (3.7)4C 4C C-P2
Both vertical A y and horizontal Ax dimensions of the drop 
were required to use equation 3.7. The ratio X/Y was used to 
find numerical values for the terms Cr3, XQ/r, and Y0/r from
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the correction table; the subscript 0 denotes a semi- a x i s . 
Knowing XQ/r or Yc/r the value of r could be found since the 
true X0 and Y0 values were previously determined by optical 
and scale corrections to the measured Vernier Ax and A y. Once 
r was known, C could be determined and then equation 3.7 used 
to calculate IFT.
The experimental data and calculated results are shown 
in full in Appendix 3B, Tables 3 B . 1 - 3.BIO. A summary of 
the IFT results to support the discussion is presented next 
in Table 3.11.
For high IFT systems poor reproducibility and agreement 
were obtained between ideal and corrected IFT values compared 
with literature values . Although the literature reports 
excellent use of the spinning drop technique for the
benzene/DI water system (Cayias, 1975) to give Y = 34.50
dynes/cm at 27 °C, the observed values in this work were 0.4 
± 0.4 dynes/cm (eqn. 3.5) and 3.8 ± 0.9 dynes/cm (eqn.3.7), 
at 21 °C. Similarly poor results were observed for the 
C12/DI water system, for which the literature value is 52.90 
dynes/cm at 20 °C (Jaycock and Parfitt, 1981). The observed 
IFT values were 4.1 ±  1.9 dynes/cm (Vonnegut eqn.) and 40.6 ±
39.0 dynes (corrected eqn.). This discrepancy was due to the
limited speed range available on the instruments, with
T-4054 179
Table 3.11 Summary of Calculated IFT Values for Control,


































IFT (V) was calculated using the Vonnegut eqn. 3.5. IFT (C) was
calculated using the Cayias modification, eqn 3.7. APG 300 is an alkyl 
p o l y g l y c o s i d e ;  Neodol 91-6 is an aliphatic ethoxylate; TX- 
114 is an alkyl aryl ethoxylate. In the last entry, "+ fine sand" does 
not mean sand was added to the IFT sample, but that the IFT fluids were 
equilibrated in the presence of the fine sand, and then withdrawn for 
IFT measurement.
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sufficiently high angular velocities unattainable for the 
higher IFT systems.
In both of these systems the suspended oil drop was 
almost spherical. Thus the ideal infinite cylinder 
representation of the Vonnegut equation was inappropriate, 
and large underestimates of the true IFT were obtained. The 
Cayias correction method did correct the IFT upwards by a 
factor of about 10, but this was still insufficient. Raw data 
in Table 3B.2 in Appendix 3B show that at such high IFT 
values the drop shape was insensitive to changes in angular 
velocity over the available range of the instrument. This 
could present a major source of error in attempting to use 
either the Vonnegut or Cayias corrected equation, as both are 
a function of the square of the angular velocity.
Excellent reproducibility and good agreement was 
observed between measured IFT values and the literature for a 
low IFT system. Calibration was performed with n- 
butanol/water for which the literature reports Y = 1.80
dynes/cm at 20 °C. The average observed values were 1.78 ± 
0.08 dynes/cm (eqn.3.5) and 2.26 ± 0.08 dynes/cm (eqn.3.7) at 
an average temperature of 2 6.7 °C. In these systems nice drop 
elongation was observed, with sensitive response to changes 
in spinning rate.
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Excellent agreement was obtained between the two 
tensiometers for the low IFT calibration system n-butanol/DI 
water, although the standard deviation was higher on the 
older model. The average ideal and corrected IFT was 1.74 
and 2.12 dynes/cm respectively on the model #300 and 1.78 and 
2.26 dynes/cm on the model #500. The average standard 
deviation on the model #500 was ± 0.08 dynes/cm, and on the 
older model #300 the average standard deviation was ± 0.2 9 
dynes/cm.
The larger error on the #300 is likely due to a 
combination of factors during the specific n-butanol/water 
IFT determination: a slight instability in motor control of
the period, mechanical error in rapidly moving the optical 
unit to measure the drop, and temperature decrease from 27 - 
21 ° C . It is possible that thermal equilibration was 
incomplete when data was collected after turning on cooling 
water to the motor condenser jacket. Other systems run on 
the same machine had smaller standard deviations, from 0.01 - 
0.04 dynes/cm.
Alkane/water IFT was decreased by a factor of 50 - 100 
times by three nonionic surfactants above their CMC. C12 
with 1 wt% APG 300 gave average IFT Y = 0.49 ± 0.01 dynes/cm 
at 19-19.5 °C, C14 with 3 wt% Neodol 91-6 gave Y = 1.34 ±
0.04 dynes/cm at 20.0 °C, and C14 with TX-114 gave Y =  0.4 6 ±
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0.003 dynes/cm at 26.0 °C. This was a significant decrease 
from the initial value of about 53 dynes/cm, but still a 
factor of 10 away from being considered ultralow.
In previous phase behavior experiments, these three 
materials with similar H L B ' s ( APG 300 = 13.0, Neo 91-6 =
12.5, TX-114 = 12.4) performed similarly, forming stable
macroemulsions. The measured low IFT value confirmed this 
ability. In terms of IFT-lowering, the new alkyl
polyglycoside surfactant performed just as effectively as the 
alkylphenol ethoxylate TX-114, and both were more effective 
than simple alcohol ethoxylate Neodol 91-6. This indicated a 
favorable more biocompatible alternative to the phenol-based 
surfactants studied by previous workers.
Small temperature changes, depending on which machine 
was used and the speed of sample heating/cooling did not 
appreciably change the measured IFT. Generally IFT decreases 
slightly with increasing temperature. All observed changes 
were within one standard deviation for the two examples 
tested here: Neodol 91-6 at 20.0 and 27.2 °C, and APG 300 at
19.2 and 35.0 °C.
There was a 38% increase in oil/water IFT for the 
C14/TX-114 system from an average of 0.49 dynes/cm to 0.67 
dynes/cm when fine sand was present in the original 
equilibrated sample. In this sample sand previously
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saturated with C14 had been allowed to equilibrate with a 
3wt% TX-114 solution, with resultant displacement of C14 from 
the solid. This increase was larger than any of the 
experimental standard deviations for the surfactant systems, 
and may indicate depletion of surfactant from solution by 
adsorption. Further work would be needed confirm this 
explanation.
3.3.5. Sand Extraction T ests. In the progression of 
surfactant evaluation methods, a shaker extraction test 
should provide the maximum efficiency in rapidly removing oil 
from sand. In principle, this should help rank various 
surfactants for variables such as amount of hydrocarbon 
removed, nature of produced emulsions, and ease of 
hydrocarbon separation and recovery. In practice, this test 
was not found useful for comparing surfactant performance.
The nine extractions reported in Tables 3.12 - 3.15 show 
that all the saturated sands were uniformly and near 
quantitatively cleaned of C 1 4 . There was no correlation with 
either previous phase behavior observations, IFT data, 
surfactant hydrophobe structure, nor H L B .
In Table 3.13, of an initial 20.0 g clean sand that was 
saturated with C14, an average of 19.6 g or 98.1% of clean 
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This is indistinguishable from the control, run only with DI 
water, in which 19.7 g or 98.6% of clean sand was recovered.
In Table 3.15, surfactant washed sand was recovered in an
average 100% yield, with no indication of residual
hydrocarbon. The control yield, obtained with only DI water 
agitation, was again indistinguishable at 99.8%.
These extraction experiments suggested that the effect 
of mechanical agitation was sufficient to remove C14 from 
fine sand. The beneficial surfactant effects of wetting 
alteration and/or IFT-lowering did not contribute measurably 
to extraction efficiency.
The presence of surfactant complicated the work-up
recovery process by entraining the released hydrocarbon in 
nearly unbreakable O/W emulsions. This was reflected in the 
lower average mass balances on C14 (average 80.4%) as 
reported in Table 3.13. A more rigorous extraction procedure 
in which the control C14 recovery was improved from 81.1% to 
98.6% increased the average C14 recovery to only 85.3 % in 
surfactant samples (Table 3.15).
Tween 81, which had been the most promising surfactant 
from phase behavior tests, was the most troublesome agent in 
a shaker extraction regime. Agitation formed an emulsion 
cream so viscous that the sand remained suspended for some 
time after agitation was stopped. The low HLB (10.0) also
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caused partitioning of the Tween 81 into the ultimately 
recovered hydrocarbon layer: the highest % recovery of
organic was observed at 96 %, but the strong odor of the
normally odorless C14 indicated presence of surfactant and/or 
surfactant residues.
Comparison of surfactant tail structure to study 
chemical matching between an alkyl tail, alkyl aryl tail, and 
alkyl C14 substrate was questionable in the shaker regime. 
Recovered hydrocarbon yields were slightly higher in the 
alkyl/alkyl system with Neodol 91-6 at 87.5% ± 0.2% versus 
83.2% ± 2 . 1 %  for alkyl aryl/alkyl system with TX-114 (Table 
3.15) . This effect is small, and would require further 
repetition to quantify accurately. Since the sand yields were 
equivalent (99.9%) the difference in C14 yield is likely a 
reflection of differences in work-up characteristics related 
to emulsion-breaking.
At a minimum, the results indicate equivalent 
performance for the more biocompatible alkyl ethoxylate. 
Given that an alkyl phenol surfactant risks releasing 
persistent and toxic metabolites, there is no apparent 
advantage to be lost in switching to the purely aliphatic 
analogue.
To test the hypothesis that the low viscosity of the C14 
was responsible for the excellent displacement, even in DI
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water control, the extraction experiment was repeated with 
two other more viscous hydrocarbons, SN-100 and 10W40 motor 
oil. The absolute viscosities of C14, SN-100 and 10W40 at
ambient temperatures (20 - 22 °C) are 2.2, 42 and 100 cp
respectively. The observations and results confirmed that 
substrate viscosity was a controlling variable.
The observations in Table 3.16 show no oil displacement 
on fluid contact, in direct contrast to rapid wetting and 
displacement previously observed with the less viscous C14 
substrate. Avanel S-150 was used as the surfactant as its 
high HLB 15.4 diminishes surfactant partitioning into the oil 
phase and favors rapid O/W separation. The physical nature 
of the extraction was entirely different from the previous 
C14 tests: using the same wrist-action shaker agitation, the
slurries were nearly immobile in the SN-100 and 10W40 trials.
The results in Table 3.17 show unequivocal zero oil 
displacement with the more viscous 10W40 oil and DI water 
control. The oil was recovered together with the sand, 
unseparated. In these experiments the effect of surfactant 
versus control was more pronounced than with C 1 4 . Use of 
surfactant increased the recovered oil yield from 0 to 56 ± 
8% with the viscous 10W40 substrate.
This effect was less pronounced with the less viscous 
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obtained with the DI water control, resulting in an average
99.4 ± 0 . 6 %  yield of oil. The sand yields for control and 
surfactant washed sample were a little high compared to C14 
tests, averaging 102% versus 99.2%. Since the washed and 
dried sand was slightly tacky and not free-flowing a larger
residual was left with the SN-100 than with C 1 4 . The low
mass balance on SN-100 in the surfactant extraction (79%)
also reflects losses due to emulsion entrainment.
The results with SN-100 and 10W40 confirmed that the 
uniformly excellent sand washing results with C14 were 
largely due to the low viscosity of that substrate and 
resulting ease of mechanical displacement via agitation. 
These results also suggest that previous flow-plugging 
problems observed by Lenahan (1989) may have been a function 
of the high viscosity of the 10W40 substrate and its produced 
emulsions rather than an intrinsic surfactant problem.
The shaker extraction experiments were not continued due 
to their unsuitability for low viscosity hydrocarbons such as 
diesel fuels, and attendant work-up problems. Instead, 
another approach to screening oil-sand-surfactant extraction 
was designed and tried.
In the gravity infiltration tests, the absence of 
agitation more closely mimics a potential field situation in 
which surfactant solution is allowed to infiltrate into
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contaminated soil. In the laboratory model, surfactant 
solution was allowed to infiltrate by gravity into previously 
C14-saturated fine sand. The downward movement of the more 
dense aqueous phase induced upward displacement of the less 
dense hydrocarbon in a counter-current manner. Again, 
capillary forces should retain the oil and any bulk 
displacement in excess of DI water control may be attributed 
to wetting alteration and IFT-lowering by surfactant.
Nine gravity infiltration experiments were completed and 
appear promising in allowing qualitative and quantitative 
comparison of various surfactants. Water imbibition and 
wetting of the oil-saturated sand were vastly different 
between DI control and surfactant solution. The qualitative 
observations are summarized in Table 3.18, and results on 
volume oil recovered as a function of time are shown in Table 
3.19.
The emulsification problem previously encountered in the 
shaker extraction method did not occur in any of the gravity 
infiltration tests using surfactant s that were known 
macroemulsion formers. Hence, agitation is necessary to 
produce emulsions (with high HLB surfactants) and avoidance 
of agitation is sufficient to prevent formation of viscous 
e m u l s i o n s .  Only the Tween 81 s y s t e m  s h o w e d
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bulk emulsification still did not occur. The lack of 
emulsification during counter-current flow of two immiscible 
phases, one containing surfactant, is an encouraging 
observation for field use.
The performance of DI control versus surfactants was 
differentiated in the gravity infiltration method, versus the 
shaker extraction tests which levelled out performance. 
Thus, surfactant flushing of low viscosity LNAPL's 
representative of fuels and other organic contaminants could 
be screened in this way.
Not only was the advancing wetting front slow and 
irregular in the control, with channelling and cracking of 
the sand pack, but the amount of oil released was only 64 ± 
5% of the theoretical total. In contrast, the surfactant 
wetting front advanced rapidly and smoothly with no physical 
disruption of the sandpack. After 24 hours (same time 
interval as for the control) three of the surfactants 
averaged 95 ± 8% displacement of the theoretical amount of 
C14, a substantial increase over control.
For the scale of experiment conducted, the initial wt% 
hydrocarbon in oily sand was about 25 w t % . After gravity 
infiltration, the residual hydrocarbon was about 8.4 wt% for 
controls and 3.3 wt% for surfactant tests (average of wt% 
residuals in Table 3.19) . This level of cleanup is more than
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adequate for pre-treatment before stimulating biodegradation: 
Bartha (1986) and Bartha and Bossert (1984) reported 
increasing rates of aerobic hydrocarbon biodegradation at 
soil loadings of 1.25 - 5 wt%, a plateau maximum rate of 
degradation at 5 - 10 wt%f and inhibition above 10 wt%.
Since all the surfactants tested succeeded in reducing 
saturated hydrocarbon below the 10% threshold, and below the 
5 wt% optimal rate threshold, this result may loosen the 
requirement for optimal HLB surfactant. Lower concentrations 
of more physically suitable higher HLB surfactants may 
succeed in field use.
One of the surfactants, Neodol 91-6 only displaced 65% 
of the theoretically available oil, even after an extended 
contact time of 24 hours. Its HLB is 12.5, very similar to 
the HLB = 12.4 for TX-114 which displaced 90 ± 1% of the C14 . 
The phase behavior and shaker extraction results of these two 
surfactants were very similar, both producing similar amounts 
of macroemulsion. The difference in the gravity infiltration 
results could best be correlated with the measured IFT via 
the Bond number relation.
The Bond number (Bo) is a dimensionles s ratio of 
buoyancy forces to capillary forces, shown below:
_ A p g d 2
y (3.8)
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The density difference is Ap, g/mL, g is the acceleration due 
to gravity, cm/s2, d is the pore diameter, cm, and Y is the 
interfacial tension, dynes/cm.
The difference in density between LNAPL and aqueous 
surfactant solution is the source of upward buoyant force, 
resisted by capillary force retaining the LNAPL in the fine 
sand. The higher the density difference, the greater the 
buoyancy force favoring hydrocarbon displacement. The lower 
the interfacial tension, the lower the retaining capillary 
force.
Ross and Morrison reported (1988) that capillary 
phenomena are significant for Bo < 1. Calculated values of 
Bo for the fine sand, using an average pore diameter of 
0.0083 cm are shown in Table 3.20, together with % 
displacement results.
Table 3.20 Bond Numbers for C14/Surfactant/Fine Sand





















All of the Bo values were less than 1, indicating the 
dominance of capillary phenomena in the fine sand. The % 
displaced C14 trends with Bo and inversely with IFT: the
lower the IFT, the higher the Bo, and the larger the 
additional amount of C14 displaced. TX-114 reduced the 
normal oil/water IFT by a factor of about 100 which led to a 
50% increase in amount of displaced hydrocarbon. Neodol 91-6 
reduced the IFT by a factor of about 40; this was 
insufficient to increase release of C14 over the control.
In this gravity infiltration experiment the alkyl phenol 
ethoxylate (TX-114) was superior to the more biocompatible 
alkyl ethoxylate (Neo 91-6). This finding was hidden in the 
shaker extraction and phase behavior tests, but consistent 
with previously measured IFT data.
The % displaced C14 data for Tween 81 were not included 
above due to the complication of volume expansion due to oil 
partitioning of the low HLB surfactant. This volume effect 
is small, and when corrected for the maximum contribution 
possible, the data in Table 3.19 still show high ultimate 
displacement efficiency for Tween 81. The average % 
displaced is 86 ± 9%, significantly larger than the control 
value of 64 ±5%. This is consistent with the Tween 81 phase 
behavior observations of microemulsion formation, signifying 
ultralow IFT.
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The correlation between Bond number and displacement 
efficiency was deduced from a small data s e t . The relation 
merits further investigation as it could be a simple way to 
rank surfactants and prescreen candidates for larger scale 
soil flushing tests. Related investigations of static and 
dynamic imbibition in petroleum engineering suggest this 
approach may be useful (Ghedan and Poettman, 1991; Morrow and 
Songkran, 1981).
3.4 Conclusions
Based on the discussion of the various observed solution 
properties, phase behavior, IFT and extraction results, a 
more comprehensive assessment of surfactant flushing is now 
possible. The following conclusions address experimental 
methods, new observations, and conceptual aspects of the 
surfactant flushing technique applied to LNAPL contaminants.
No single experimental method was sufficient to assess 
all performance aspects relevant to surfactant flushing. The 
most useful experiments conducted were phase behavior, IFT 
and gravity infiltration tests. These provided new data on 
optimal HLB, oil displacement efficiency, and a potential 
correlation with Bond number.
The gravity infiltration test has not been previously 
described and requires further work to explore scope and
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sensitivity of the Bond number correlation to relevant 
experimental variables. A more sophisticated embodiment of 
the experiment could also retrieve useful kinetic data on the 
rate of wetting front infiltration as a function of contact 
angle.
Detailed foaming measurements are probably not necessary 
as foaming is unlikely to be a determining performance 
criterion, and foam can be expected as a general surfactant 
phenomenon. Although high variability was observed in foam 
stability, an average of 50 volumes foam/volume surfactant 
solution can be used as a rough rule-of-thumb. High shear 
and turbulent flow conditions should thus be avoided.
Shaker extraction experiments demonstrated that 
substrate viscosity was an important variable. At low 
viscosities surfactant extraction was comparable to DI water 
control. In such systems, mechanical agitation was the main 
agent for oil displacement. Greater surfactant benefit was 
observed with more viscous substrates where the release 
characteristics of the surfactants were required in addition 
to mechanical energy.
The shaker extractions required elaborate procedures for 
quantitative separation of oil, water, and sand which 
introduced significant experimental error. Because of this
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and the fact that they did not realistically model the
intended in-situ flushing process, they are not recommended.
The optimal HLB for C12 and C14 diesel models is about
10. At this HLB match between hydrocarbon substrate and
surfactant, microemulsions signifying ultralow IFT were 
observed. It was possible to obtain these with low 
concentrations of a single surfactant, Tween 81, or 
comparable HLB blends of other nonionic surfactants, 
including new alkyl polyglycoside surfactants . As 
alternatives to alkyl phenol-based nonionics, the glycolipids 
are environmentally more acceptable and should be considered 
for future development.
The amount of oil solubilized in the observed 
microemulsions ranged from about 8 - 9 4  volume % or roughly 
105 - 106 ppm. This indicated good potential for contaminant 
microemulsification but the system was sensitive to 
composition. Thus contaminants should be chemically 
characterized beyond simple concentration values and 
organic/inorganic classification, and screened in phase 
behavior tests with several surfactant types.
The solution properties of low HLB (less than 10) 
surfactants raise concern for whether low HLB demand 
substrates are viable candidates for surfactant flushing. 
Poor aqueous solubility, tendency to adsorb to solids, and
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higher viscosities could add cost and engineering difficulty 
in use of such surfactants. These problems may not justify 
the benefit of maximum contaminant microemulsification. It 
is possible that in-situ surfactant flushing would be most 
cost-effective for high HLB demand (more polar) contaminants 
for which their matching HLB surfactants would possess more 
suitable solution properties.
Higher HLB surfactants with good solution properties did 
not form microemulsions with the alkane models, so their 
effect would be mostly by bulk displacement mechanisms unless 
additives such as cosurfactants were used. Since good oil 
displacement of over 90% from saturated fine sand was 
observed for these surfactants this suggests that wetting 
alteration and oil roll-up could contribute significantly to 
hydrocarbon displacement.
The average residual oil in the gravity infiltration 
tests was 8.4 wt% for control, and 3.3 wt% for surfactant 
samples. This level of cleanup may be appropriate as a pre­
treatment to stimulated biodegradation for which the target 
level of contaminant reduction is below 10% and more 
optimally about 5 wt%. Since all the surfactants tested 
succeeded in reducing saturated hydrocarbon below the 10% 
inhibition threshold, this result may loosen the requirement
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for optimal HLB surfactant and allow lower active 
concentrations. Field tests would be needed to verify this.
Bulk contaminant emulsification (macroemulsification), 
an undesirable result because of flow retardation, may or may 
not occur depending on conditions of oil/water contact. 
Emulsification was not observed during gravity infiltration 
counter-current O/W flow through fine sand, - a positive 
finding for field use of surfactant solutions. The formation 
of thick macroemulsions during O/W vortexing represented an 
extreme but possible result. High shear flow should thus be 
avoided.
The spinning drop method was sufficiently accurate, with 
practice, to obtain accurate and precise IFT's when the IFT 
was less than about 2 dynes/cm. This can be expected for 
many surfactant systems above their CMC, so it is suitable as 
a general measurement method for cleanup investigations. It 
is a rigorous and reproducible technique, and thus preferable 
to subjective alternatives such as visually rating shapes of 
falling oil drops. Repeated measurements confirmed a 
standard deviation of less than 0.05 dynes/cm. For low IFT 
surfactant samples the ideal Vonnegut equation can be used.
The gravity infiltration experiments did not provide 
information on oil recovery under flow conditions, nor 
isolate the specific contribution of wetting alteration.
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Fundamental measurements of contact angle, and practical 
measurements of column flow extractions are required to 
address these issues.
Oil solubilization was not apparent except in the 
microemulsion systems. In other macroemulsified systems, 
some small amount of oil is known to be dissolved, however, 
the volumetric methods used were not sensitive to 
enhancements in the ppm range. Since such small enhancements 
were considered of minor importance, no effort was made to 
pursue this issue in these preliminary investigations.
The contaminant site temperature range needs to be 
considered in conducting laboratory screening experiments, 
especially with nonionic surfactants whose phase behavior is 
temperature sensitive. Although this laboratory work was 
generally conducted at ambient temperature, a few low 
temperature effects were checked and occasionally found to be 
significant. The fact that even a few wt% surfactant 
solutions can freeze solid near 0 °C should not be overlooked 
in planning a field test.
3.5 Recommendations
There are many opportunities for research and 
engineering of contaminant recovery processes using
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surfactants. Five priority issues are suggested to advance 
understanding and application of this technology.
Now that some baseline data is available for model C12 
and C14 alkanes, the next step is to study real LNAPL fluids. 
Several samples of real diesel and recovered weathered diesel 
should be evaluated in phase behavior experiments to learn if 
the optimal HLB really is 10, or somewhat higher, and the 
degree of scatter that can be expected. To move the system 
even closer to reality, surfactant solutions should be 
prepared with added minerals to mimic groundwater.
Phase behavior, IFT, gravity infiltration, and column 
flow extraction tests should be conducted at the anticipated 
field temperature. This will likely be about 15 °C, and
should initially be bracketed in the 5 - 25 °C interval.
Biodegradation experiments should be conducted on the 
contaminated soils after surfactant extraction. Extraction 
effluents should be evaluated for enhanced rate of 
degradation.
The Bond number correlation should be investigated for a 
range of sand particle sizes, and oil/surfactant solution 
IFT's. It may be possible to determine a threshold value, 
analogous to the situation with capillary number, that would 
help set performance targets for surfactant selection.
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There is a pressing need for an analytical method that 
can quantitatively resolve aqueous mixtures of surfactants 
and dissolved oily contaminants. Numerous methods exist for 
one species or the other but nothing directly handles both 
without extensive isolation and concentration steps (Suffet 
and Malaiyandi, 1987; EPA 1986).
Total organic carbon measurements on a surfactant 
s o l u t i o n  c o n t a i n i n g  d i s s o l v e d  c o n t a m i n a n t  cannot 
differentiate between the species present, and small relative 
amounts of dissolved contaminant may be difficult to quantify 
from the large surfactant background. Solid phase extraction 
is a p r o m i s i n g  new method, but p r o t o c o l s  for 
surfactant/organic mixtures have not yet been reported. Even 
after concentration/isolation from the aqueous matrix, some 
additional analytical method, usually spectroscopy or 
chromatography is still required for identification.
Future investigations in surfactant flushing will need 
to efficiently determine not only extent of organic uptake, 
but distribution, if the contaminant is a mixture. HPLC 
should be investigated, as it has already been separately 
demonstrated for aqueous surfactants, organics, and 
biodegradation products (Ondrus and Steinheimer, 1990; Field 
et al. , 1990; Castles et al., 1989; Goerlitz and Franks,
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1989; Guerin and Jones, 1988; Marcomini et al., 1987; 
Nakamura and Morikawa, 1982).
Because of the vastly different chemical nature of the 
contaminant and surfactant analytes, HPLC method development 
would require column testing, gradient elution protocols, and 
examination of various detection methods applicable for 
expected types of analy t e s . Once the HPLC method is 
established, produced aqueous effluents may be directly 
c h a r a c t e r i z e d  without isolation, derivatization, or 
concentration as required by other analytical alternatives.
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3A.1 - 3A.5 Surfactant Foam Production and Quality 
Data
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Table 3A.1 Surfactant Foam Production and Quality Data
Time Height Height Foam Used Foam
Liquid. Foam Production Liquid Quality
min cm cm cm cm
HLB = 1 0 . 0
Tween 81
0 5.9 0.0 0.0 0.0 0.0
1 5.0 5.8 0.8 0 . 9 0.9
10 5.5 5.8 0.3 0.4 0.8
20 5.6 5.8 0.2 0.3 0.7
30 5.7 5.9 0.2 0.2 1.0
60 5.7 5.9 0.2 0.2 1.0
average = 0.3
HLB = 1 2 . 1
Neo 23-6.5
0 5.8 0.0 0.0 0.0 0.0
1 4.8 17 .0 12 .2 1.0 12 .2
10 5.4 16.5 11.1 0.4 27.8
20 5.4 16.5 11.1 0.4 27.8
30 5.5 16.5 11.0 0.3 36.7
60 5.5 16.4 10.9 0.3 36.3
average = 11.3
HLB = 1 2 . 5
Neo 91-6
0 5.5 0.0 0.0 0.0 0.0
1 5.4 16.5 11.1 0.1 111.0
10 5.4 16.5 11.1 0.1 111.0
20 5.4 16.5 11.1 0.1 111 .0
30 5.4 16.5 11.1 0 .1 111.0
60 5.5 16.5 11.0 0.0 -
average = 11.1
HLB = 1 3 . 3
Tween 21
0 5.9 0.0 0.0 0.0 0.0
1 4 . 9 10.4 5.5 1.0 5.5
10 5.3 10.4 5.1 0.6 8.5
20 5.4 10.5 5.1 0.5 10.2
30 5.4 10.4 5.0 0.5 10.0
60 5.5 10.4 4.9 0.4 12 .2
average = 5.1
HLB = 1 5 . 4
Ava S-150
0 6.0 0.0 0.0 0.0 0.0
1 5.2 12 .5 7.3 0.8 9.1
10 5.5 8.0 2.5 0.5 5.0
20 5.8 7.8 2.0 0.2 10.0
30 5.9 7.4 1.5 0.1 15 . 0
60 5.9 6.6 0.7 0.1 7.0
average = 2 . 8
T = 2 6 C; Initial volume surfactant solution was 5.0 ml. Height Liquid and Height Foam 
were measured from the tabletop as datum plane. Used liquid is the surfactant 
solution used in the foam lamellae. Foam quality is the ratio of produced foam/used 
liquid. Time t=0 was before agitation to produce foam.
T-4054 216















HLB = 10.0 
Tween 81
0 10.4 0.0 0.0 0.0 0.0
2 10.2 10.4 0.2 0.2 1.0
11 10.3 10.4 0.2 0.2 1.0
24 10.3 10.4 0.1 0.1 1.0
31 10.3 10.5 0.2 0.1 2.0





HLB = 1 2 . 1  
Neo 23-6.5
0 10.3 0.0 0.0 0.0 0.0
1 9.4 24 .5 15.1 0.9 16.8
3 9. 9 24.5 14 . 6 0.4 36.5
8 10.0 24.5 14 .5 0.3 48.3
23 10.1 24.3 14 .2 0.2 71. 0
40 10.1 24.0 13. 9 0.2 69.5





HLB = 1 2 . 5  
Neo 91-6
0 10.3 0.0 0.0 0.0 0.0
1 9.5 23.0 13.5 0.8 16.9
3 10.0 23.0 13.0 0.3 43.3
13 10.1 22 .7 12 . 6 0.2 63 . 0
31 10.1 22 .6 12 .5 0.2 62 .5






HLB = 13.3 
Tween 21
0 10.1 0.0 0.0 0.0 0.0
1 9.3 17.5 8.2 0.8 10.3
2 9.7 17.4 7.7 0.4 19.2
4 9.8 17.4 7.6 0.3 25.3
10 9.9 17.4 7.5 0.2 37 .5
19 9.9 17.4 7.5 0.2 37.5





HLB = 1 5 . 4  
Ava S-150
0 10.8 0.0 0.0 0.0 0.0
1 10.0 26.9 16.9 0.8 21.1
2 10.3 26.9 16.7 0.6 30.3
6 10.4 26.9 16.5 0.4 41.2
20 10.4 26.9 16.5 0.4 41.2
22 10.4 12.5 2.1 0.4 5.2





T = 21 - 21.5 °C. Initial volume surfactant solution was 10.0 ml.
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HLB = 1 0 . 0  
Tween 81
frozen at -4 to -6 
C
HLB = 1 2 . 1  
Neo 23-6.5
frozen at -8 C
HLB = 1 2 . 5  
Neo 91-6
0 10.1 0.0 0.0 0.0 0.0
1 9.4 24.0 14.6 0.7 20.9
11 9.8 24.0 14.2 0.3 47.3
20 9.9 24.0 14.1 0.2 70.5
30 10.0 24.0 14.0 0.1 140. 0
60 10.0 24. 0 
average =
14 . 0 
14 .2
0.1 140.0
HLB = 1 3 . 3  
Tween 21
0 10.3 0.0 0.0 0.0 0.0
1 9.3 19.8 10.5 1. 0 10.5
2 9.6 19.8 10.2 0.7 14.6
10 9.9 19. 8 9.9 0.4 24 .7
20 10.0 19.8 9.8 0.3 32.7
30 10.1 19.8 9.7 0.2 48.5
60 10.1 17.7 7.6 0.2 38.0
average = 9.6
HLB = 1 5 . 4  
Ava S-150
0 10.6 0.0 0.0 0.0 0.0
1 10.1 23. 9 13.8 0.5 27.6
2 10.2 23.9 13. 7 0.4 34.2
10 10.3 23.9 13. 6 0.3 45.3
20 10.4 23.8 13.4 0.2 67. 0
30 10.5 23.8 13.3 0.1 133. 0





= 0 °C. Initial volume surfactant solution was 10.0 ml.
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min cm cm cm cm
HLB = 1 2 . 5  
Neo 91-6
0 10.4 0.0 0.0 0.0 0.0
1 9.5 32. 0 22.5 0.9 25. 0
2 9.9 32.0 22.1 0.5 44.2
4 10.0 32. 0 22.0 0.4 55. 0
5 10.1 32.0 21. 9 0.3 73. 0
10 10.1 32.0 21.9 0.3 73. 0





HLB = 13.0 
APG 300
0 10.2 0.0 0.0 0.0 0.0
1 9.2 22.7 13.5 1.0 13.5
2 9.6 22.7 13.1 0.6 21. 8
4 9.8 22.7 12.9 0.4 32.3
5 9.9 22.7 12. 8 0.3 42.7
10 9.9 22.7 12.8 0.3 42.7





HLB = 1 3 . 5  
TX-100
0 10.6 0.0 0.0 0.0 0.0
1 10.2 24.0 13.8 0.4 34.5
2 10.4 24.0 13.6 0.2 68.0
4 10.4 24.0 13.6 0.2 68.0
5 10.4 24.0 13.6 0.2 68.0
10 10.5 24.0 13.5 0.1 135. 0





T = 13 °C. Initial volume surfactant solution was 10.0 ml.
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HLB = 12.5 
Neo 91-6
0 10.4 0 . 0 0 . 0 0 . 0 0 . 0
1 9.5 2 2 .1 1 2 . 6 0.9 14 .0
2 9.9 2 2 . 1 1 2 . 2 0.5 24 . 4
4 9.9 2 2 .1 1 2 . 2 0.5 24.4
5 1 0 . 0 2 2 . 1 1 2 . 1 0.4 30.2
1 0 1 0 . 0 2 2 . 1 1 2 . 1 0.4 30.2
30 1 0 . 0 2 2 . 1  
average =
12 .1 
1 2 . 2
0.4 30.2
HLB = 13.0 
APG 300
0 1 0 . 2 0 . 0 0 . 0 0 . 0 0 . 0
1 9.3 28.0 18.7 0.9 2 0 . 8
2 9.8 28.0 18.2 0.4 45.5
4 9.9 28.0 18.1 0.3 60.3
5 1 0 . 0 28.0 18.0 0 . 2 90.0
1 0 1 0 .0 28.0 18.0 0 . 2 90.0




0 . 2 90.0
HLB = 13 . 5 
TX-100
0 1 0 . 6 0 . 0 0 . 0 0 . 0 0 . 0
1 9.7 29.4 19.7 0.9 21. 9
2 1 0 . 2 29.4 19.2 0.4 48.0
4 10 .4 29.4 19.0 0 . 2 95.0
5 10 .4 29.4 19.0 0 . 2 95.0
1 0 10.5 29.4 18.9 0 . 1 189.0





T = 24 °C. Initial volume surfactant solution was 10.0 ml.
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APPENDIX 3B
Tables 3 B . 1 - 3B.10 Spinning Drop Interfacial Tension Data
for Control, Calibration, and 
Surfactant Solutions with Model 
Hydrocarbons
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Table 3 B . 1 Spinning Drop Interfacial Tension for
Benzene/DI Water
System = C6H6/DI water
delta density, g/cc = 0.124
Machine = #300
Run # = 85-1 85-2
Temp, C = 21.0 21.0
Vernier del X= 10.303 9.705
Vernier del Y= 12.391 12.356
Period, msec/rev 17.67 17.67
use Vonnegut equation
IFT ideal, dynes/cm = 0.4 0.4
True Xo, cm = 0.052 0.049
True Yo, cm = 0.047 0.046
Xo/Yo = 1.108 1.046
from table find Cr3= 0.1476 0.0923
from table find Xo/r = 1.048 1.03
calculated r, cm = 0.049 0.047
calculated C = 1242.7 882.7
use Cayias equation
IFT corrected, dynes/cm = 3.2 4.4
Average Ideal IFT = 























Table 3 B . 2 Spinning Drop Interfacial Tension for C12/DI
Water
System =






79-1 79-2 81-1 81 -3 83-1 83-3
Temp, C =
Vernier del X= 


























use Vonnegut equation 
IFT ideal, dynes/cm = 1.5 1.9 5.6 5.3 5.0 5.4
True Xo, cm =
True Yo, cm =
Xo/Yo =
from table find Cr3 = 
from table find Xo/r = 












































use Cayias equation 
IFT corrected, dynes/cm = 8.7 16.1 88.4 92.9 16.1 21.5
Average Ideal IFT = 








Table 3 B . 3 Spinning Drop Interfacial Tension Calibration
with n-Butanol/DI Water: Model #500 
Tensiometer
System = nC40H/DI water
delta density, g/cc = 0.188
Machine = #500
Run # = 43-1 43-2 43-3 43-4 43-5 43-6
Temp, C = 26.1 26.3 26.6 26.9 27.0 27.5
Vernier del X= 15.831 16.801 16.762 17.713 17.747 17.789
Vernier del Y= 12.791 13.058 12.751 12.426 12.423 12.366
Period, msec/rev 11.03 11.03 11.03 10.09 10.09 10.09
use Vonnegut equation
IFT ideal, dynes/cm = 1.68 1.79 1.67 1.85 1.84 1.82
True Xo, cm = 0.079 0.084 0.084 0.089 0.0887 0.089
True Yo, cm = 0.048 0.049 0.048 0.047 0.047 0.046
Xo/Yo = 1.649 1.714 1.751 1.899 1.903 1.916
from table find Cr3 = 1.2432 1.3594 1.4268 1.6800 1.6860 1.7080
from table find Xo/r = 1.375 1.408 1.426 1.499 1.500 1.508
calculated r, cm = 0.058 0.060 0.059 0.059 0.059 0.059
calculated C = 6516.5 6400.9 7028.0 8145.7 8144.2 8323.9
use Cayias equation
IFT corrected dynes/cm = 2.34 2.38 2.17 2.24 2.24 2.19
Average Ideal IFT = 
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Table 3 B . 6 Spinning Drop Interfacial Tension for C12/lwt%
APG 300: Effect of Temperature
System =
delta density, g/cc = 
Machine =
Run # =
C12/1 % APG 300 
0.229 
#300
97-1 97-2 97-3 97-5 97-6
Temp, C =
Vernier del X= 






















use Vonnegut equation 
IFT ideal, dynes/cm = 0.51 0.52 0.52 0.47 0.48
True Xo, cm =
True Yo, cm =
Xo/Yo =
from table find Cr3 = 
from table find Yo/r = 





































use Cayias equation 
IFT corrected, dynes/cm = 0.62 0.62 0.69 0.62 0.53
at T= 35C:
Average Ideal IFT = 
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Table 3 B . 8 Spinning Drop Interfacial Tension for C14/
3wt% Neodol 91-6 at Lower Temperature
System =
delta density, g/cc = 
Machine =
Run # =
C14/3% Neodol 91-6 
0.239 
#300
59-4 59-5 59-6 59-7 59-8
Temp, C =
Vernier del X= 






















use Vonnegut equation 
IFT ideal, dynes/cm = 1.29 1.32 1.31 1.39 1.38
True Xo, cm =
True Yo, cm =
Xo/Yo =
from table find Cr3 = 
from table find Yo/r = 





































use Cayias equation 
IFT corrected dynes/cm = 1.30 1.34 1.34 1.41 1.41
Average Ideal IFT = 








Table 3B.9 Spinning Drop Interfacial Tension for C14/
3wt% TX-114
System =










Vernier del X= 














use Vonnegut equation 
IFT ideal, dynes/cm = 0.47 0.46 0.46
True Xo, cm =
True Yo, cm =
Xo/Yo =
from table find Cr3 = 
from table find Yo/r = 























use Cayias equation 
IFT corrected dynes/cm = 0.50 0.49 0.53
Average Ideal IFT = 
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BIOLOGICAL SCREENING OF SURFACTANTS WITH CREOSOTE
CONTAMINATED SOILS
4.1 Introduction
This research addresses the effect of various surfactant 
solutions on soil bacteria acclimatized to creosote, 
specifically examining if the surfactants were toxic or 
inhibitory to these bacteria. Once a survey of the three 
surfactant types (nonionic, anionic, cationic) was complete, 
companion experiments investigating physical properties of 
the surfactant-creosote systems were begun (Chapter 5) . 
Additional biological testing was continued by other CSM 
students and is ongoing research. Together, Chapters 4 and 5 
report the first joint study of surfactant biocompatibility 
and surfactant flushing applied to environmental cleanup.
Creosote-contaminated soil was chosen because of the 
importance of this type of DNAPL contaminant, its potential 
suitability for surfactant flushing, and the general failure 
of conventional pump-and-treat methods in restoring DNAPL 
sites (Ch.1).
Creosote is a complex mixture of over 1000 polynuclear 
aromatic (PNA), phenolic and heterocyclic compounds, with 
cytotoxic, mutagenic, carcinogenic, and teratogenic 
properties (Mueller et a l ., 1990; Mueller et al., 1989;
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McGinnis et al., 1988; Cooke and Dennis, 1985; Lehr et al., 
1981) . It is a product of coal tar distillation or 
alternately wood pyrolysis. Depending on historical vintage, 
pentachlorophenol (PCP) may also be present as an additive.
Creosote and PNA contamination is encountered nationwide 
in wood-treatment sites and industrial facilities associated 
with coal conversion, coke production, and petroleum refining 
(Rosenfeld and Plumb, 1991; Smith et a l ., 1989; Kingsbury,
1987; Villaume, 1984) . During the early 1900's every major 
city operated gas plants converting low-grade coal or oil 
into town gas for lighting. The process residues were dumped 
on site; currently there are three to five thousand sites 
about 3 - 5  acres each awaiting remediation. In addition, 
there are an estimated 700 historical sites where creosote 
wood preservation was practiced, of which 415 - 550 are
active. Forty wood treatment sites are now EPA designated 
Superfund sites (Rosenfeld and Plumb, 1991).
Stimulated biodegradation of creosote contaminated soils 
is developing as a promising remedial approach (Sims et 
al.,1989; Bewley et a l ., 1989; Torpy et a l ., 1989) but
persistence of higher molecular weight components of four or 
more fused rings is a problem (Park et al., 1990; EPA 1990; 
Sherman and Stroo, 1989; McGinnis et a l ., 1988) . Recent work 
has also shown that in aged contaminated soils, where the
T-4054 233
creosote has had decades to penetrate into soil pores, even 
the biodegradable low molecular weight PNA's such as 
naphthalene are recalcitrant (Smith et a l ., 1989). Clearly,
the limited bioavailability due to a combination of low 
solubility and strong soil adsorption is inhibiting 
bioremediation.
Wodzinski (Wodzinski and Coyle, 1973; Wodzinski and 
Bertolini, 1972; Wodzinski and Johnson, 1968) reported that 
solid p o lynuclear aromatic compounds such as pure 
naphthalene, anthracene, phenanthrene and bibenzyl are 
utilized aerobically by Pseudomonas only when dissolved. In 
addition, the greater the aqueous solubility of the PNA, the 
faster the bacterial growth rate.
Lupton and Marshall (1978) reported increased rate of 
kerosene utilization in laboratory cultures of Acinetobacter 
in the presence of Tween surfactants, and inhibition with 
cationic and anionic surfactants. Guerin and Jones (1988), 
using Tween surfactants for phenanthrene, found that the rate 
of degradation by Mycobacterium did not correlate perfectly 
with increased phenanthrene solubility, thereby suggesting 
physiological effects of different surfactants. The nature 
of these effects, and the possible existence of toxic 
thresholds of dissolved hydrocarbon or surfactant were not 
investigated.
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Surfactants may enhance creosote biodegradation by at 
least three different mechanisms:
1 . removal of free product below toxic or inhibitory 
thresholds, thereby allowing bacterial growth on the 
residual contaminant
2 . desorption from the soil and increased aqueous 
solubilization of the residual creosote thereby 
accelerating bacterial utilization of solubilized 
contaminant
3. stimulation of cometabolic pathways in which the 
surfactant is the main energy source and the contaminant 
is incidentally transformed.
The highest natural aqueous concentrations of 
groundwater saturated with creosote appears to be only 2 0 0  
ppm (Turney and Goerlitz, 1990) and the water solubilities of 
individual components are very low, typically in the ppm to 
ppb range (Mackay and Shiu, 1977). Surfactant-induced PNA 
release from the soil surface and pores, and increased 
solution concentration should increase substrate availability 
to the soil bacteria. The rate of contaminant biodegradation 
should increase, provided that intrinsic biodegradation 
kinetics are not limiting (Nakles and Smith, 1989) or that a 
toxic threshold is not exceeded.
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Bewley (Bewley et a l . 1989) did report enhanced
degradation of PNA contaminated soils after the addition of 
selected innoculum and a proprietary blend of nutrients and 
surfactant. The test was conducted in aerated and irrigated 
shallow field treatment beds for eight weeks. The addition 
of surfactant was proposed to increase the bioavailability of 
the creosote contaminant. Unfortunately, data were not 
reported for a control case of added innoculum and nutrients 
only, so the beneficial effect of surfactant addition cannot 
be quantified.
The lab and field reports are encouraging for the 
development of surfactant enhanced bioremediation. However, 
the lack of data on specific surfactant-microbe-soil- 
contaminant interactions is a serious impediment to process 
design.
In this work, the viable plate count method was selected 
for laboratory studies of the effect of surfactant solutions 
on creosote-soil bacteria. This method provides data on 
bacterial growth as a function of time: an increase in
population is a favorable response, a decline indicates toxic 
or inhibitory effects (Atlas and Bartha, 1987; Gerhardt et 
a l ., 1981).
Conventional and new surfactants were chosen to enable 
gross comparison among anionic, nonionic, and cationic
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classes for biotoxicity, and to check for sensitivity within 
a charge class to nature of hydrophobe (aliphatic hydrocarbon 
vs. aromatic hydrocarbon vs. perfluorocarbon), degree of 
ethoxylation and nature of nonionic head group (ethoxylated 
vs. hydroxylated) within the HLB range of 10 - 15. These 
structures included conventional alkyl aryl and alkyl 
polyethoxylate nonionic structures, conventional anionic 
alkyl benzene sulfonate, non-degradable perfluorocarbon 
anionic, a new hybrid alkyl nonionic-anionic type reported to 
have superior physical properties, a similar new alkyl aryl 
nonionic-anionic hybrid, and two types of glycolipid 
biosurfactant models, (ethoxylated alkyl sorbitan esters and 
new alkyl polyglycosides) . Since the HLB demand of creosote 
was unknown, the degree of nonionic ethoxylation was varied 
to bracket the HLB range 10 - 15. Specific surfactants are 
described in the Experimental Materials section 4.2.1.
Two surfactants, Makon 10 and Polystep Al were 
specifically included for biological testing as they are 
reported flushing agents for creosote recovery in an alkaline 
polymer surfactant (APS) flushing mixture (Sales and Pitts, 
1989). These two surfactants are being used in pilot field 
studies in formulations of pH 9.2 - 10.2 to enhance recovery 
of creosote from a gravelly aquifer. The solutions are 
formulated from chemical EOR principles, wherein the hydroxyl
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ion can generate surfactant at the oil/water interface by 
reaction with organic acids in the oil, and de-wet oil from 
the sand by increasing the net negative surface charge (Lake, 
1989; Rubin and Radke, 1980).
Chemical EOR is not concerned with preserving biological 
activity, and the consequences of applying this technology to 
environmental cleanup could be s e r i o u s . Laboratory 
monitoring studies of the pilot field test reported loss of 
microbiological activity, attributed to the chemically 
aggressive flushing solution, and subsequent requirement for 
aquifer reconditioning and re-innoculation (Union Pacific, 
1988, 1989).
4.2 Experimental
4.2.1 Materials. Viable plate counts require a solid medium 
to support bacterial growth and enable separate colonies to 
form from individual cells (Gerhardt, 1981) . Agar gel 
extracted from red marine algae is amended with required 
nutrients to provide such a growth medium. Nutrient media 
for the preparation of aerobic plate cultures was Standard 
methods agar powder, from Difco or B D . Nutrient media for 
anaerobic roll tubes consisted of Brewer's thioglycolate agar 
powder amended with Standard methods agar. Sodium 
thioglycolate is a reducing agent that scavenges oxygen.
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Dilution media were Stanier's mineral salts solution, 
sterilized DI water, and 3 wt% surfactant stock solutions. 
Reagent grade mineral salts from Fisher were used to prepare 
Stanier’s solution. The composition of Stanier’s medium is 
shown in Table 4.1 .
Table 4.1 Composition of Stanier's Medium for 1 L 
Solution
Mineral Salt Mass, g Appearance
k 2hpo4 1 . 0 white powder
MgSC>4 • 7H20 0 . 2 white powder
FeSC>4 0 . 0 1 green powder
CaCl2 0 . 0 1 white powder
NH 4C1 1 . 0 white powder
(Stanier, 1976)
Two samples of creosote-contaminated surface soil were 
obtained in the fall of 1989 from a commercial wood-treating 
facility in Denver, Co. Sample #1 was dark chocolate brown 
with a strong creosote odor. Sample #2 was a lighter medium 
brown and less smelly. The particle size distribution was 
wide in both samples, estimated at 30 - 100 mesh by
comparison with standard sieved sand samples. This would
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span the range of medium to fine sand, with grain size of 
about 0.6 - 0.15 mm. Both soil samples were stored in wide- 
mouth screw-cap jars at 5 °C.
Approximately two liters of a pungent black mobile oil 
were obtained from the same creosote works site. Initially 
recovered in polyethylene plastic bottles the creosote was 
later transferred to teflon-lined screw cap glass bottles due 
to visible softening of the plastic container.
The water used for preparation of surfactant solutions 
was obtained from a Laboratory Milli-Q Reagent system, 
described in C h .3. The DI water used for bacteriology was 
obtained from a similar treatment system in the Department of 
Chemistry.
Samples of surfactants were obtained by direct request 
to the various suppliers and used as received. The list is 
summarized in Table 4.2, including type, composition, and a 
brief comment on reason for selection. Most of the 
surfactants were neat liquids or 30 - 50% actives aqueous 
solutions. At room temperature the surfactant samples were 
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4.2.1 Methods. Aerobic plate count agar was prepared 
following the recipe listed on the Difco Standard Methods 
Agar. About 11.75 - 11.8 g of agar powder was added with 
stirring to 500 mL of sterilized DI water. The slurry was 
heated for 2-3 minute increments in a laboratory microwave 
oven with occasional stirring. Heating was continued until 
complete dissolution and gentle boiling was visible. The 
clear hot broth was carefully stirred, poured into five 2 60 
mL glass bottles, and loosely sealed with teflon-lined 
phenolic screw caps. The agar bottles were immediately 
autoclaved for 15 minutes at 215 °F in a steam autoclave. 
Upon removal from the autoclave the sterilized agar bottles 
were tightly capped and stored at room temperature until 
needed. All samples were labelled with date of preparation 
and generally used within one week.
Anaerobic plate count agar was prepared as above. A 500 
ml batch of Brewer's thioglycolate agar was prepared and 
amended with 5.0 g of Standard methods agar. Aliquots of 100 
mL this boiling broth were poured into glass bottles, 
sterilized by autoclaving, and sealed until use.
Stanier's dilution medium was prepared in 1 liter 
batches by sequentially dissolving the ingredient mineral 
salts (Table 4.1) in sterile DI water followed by steam 
autoclaving. The sterilized solution was slightly cloudy
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with traces of loose mineral precipitates. The solution 
flask was sealed with a rubber stopper and stored at 0- 5 C.
Sterile dilution test tubes were prepared by pipetting 
the desired amount of mixed Stanier's medium into a clean, 
dry test tube. For a planned 1/10 dilution series the test 
tubes were filled with 9.0 ml of Stanier's medium to which 
1.0 ml of liquid innoculum would later be added. For a 1/100 
dilution the test tubes were filled with 9.9 ml of Stanier's 
medium to which 0.1 ml of innoculum would later be added. 
The prepared tubes were covered with plastic caps and 
immediately steam autoclaved for 15 minutes at 215 °F. Racks 
of these sterile dilution tubes were dated and generally used 
within a few days of preparation. Sterile DI water for 
control tests was prepared by steam autoclaving 1 liter of DI 
water in a loosely capped glass bottle.
Surfactant solutions were prepared in 500 mL batches, as 
previously described in C h .3. Ultrasound agitation was now 
found to be effective for speeding up dissolution with 
minimal foam generation. Solution pH was adjusted to 8 by 
addition of a few drops of dilute HCL or NaOH as needed.
The first solutions used for biological screening were 
originally prepared for phase behavior experiments and had 
been stored in stoppered glass volumetries at room 
temperature for six months. Aerobic cultures of these stock
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solutions revealed that some contained viable bacteria, - a 
potentially confounding variable in cultures of soil 
bacteria. Later experimental data suggested that the 
surfactant-acclimatized organisms did not survive in the 
presence of creosote. Nevertheless, new solutions for later 
experiments were prepared using sterile DI water and stored 
at 5 °C to minimize bacterial growth. Control cultures of 
these stock solutions verified lack of bacterial 
contamination and validated this method. The alternative of 
adding 500 ppm sodium azide to inhibit bacterial growth 
(Prince, 1977) was not acceptable for surfactant solutions 
prepared for toxicity screening experiments.
Aerobic soil cultures were prepared using aseptic 
technique, and for each surfactant test a control DI water 
sample was also prepared. One g each of the light and dark 
creosote-contaminated soils was combined and blended with a 
sterile steel spatula to make 2.0 g of soil mixture. One g 
portions of the mixture were immediately transferred into 
dilution tubes containing 9.0 mL of sterile Stanier's medium. 
Ten mL of sterile deionized (DI) water was added to the tube 
designated as DI control. Ten mL of 3 wt% surfactant stock 
solution was added to the tube designated as surfactant. 
Each soil culture tube thus contained 1 g soil in 19 mL 
liquid, or roughly a 1/20 preparation.
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In early experiments the soil culture test tubes were 
sealed with alcohol-rinsed and air-dried rubber stoppers 
before shaking 5 minutes at 2500 rpm on a table shaker. In 
later experiments autoclavable silicone stoppers were used 
instead of the rubber stoppers. The shaking step was to 
thoroughly wet and mix the soil and extract bacteria into the 
aqueous phase. Previous work (Atlas and Bartha, 1987) has 
shown that constant amounts of bacteria can be recovered from
soils after 2 and 8 minutes mixing.
After shaking the soil slurries were allowed to settle 
for 20 to 30 minutes before liquid samples were transferred 
for serial dilution into the Stanier's medium tubes. At this 
time the supernatant was almost clear and the bulk of the
coarse soil particles had settled to the bottom of the tube.
Using sterile technique a series of 1/10 dilutions in 
sterile Stanier's medium were prepared for the DI control and 
surfactant cultures. Typically this consisted of serially
transferring 1.0 mL of supernatant liquid into fresh dilution 
tubes. Five to seven dilution tubes were generally 
sufficient to ensure obtaining agar pour plates having a 
physically meaningful and countable number of colonies, 30 - 
300 colony forming units (CFU's). Occasionally, for systems 
known to have large bacterial populations, 0.1 mL of liquids 
were serially transferred to give 1/100 dilutions. A fresh
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sterile cotton-plugged disposable 1.0 mL pipette was used for 
each transfer.
In between transfers the dilution tubes were vigorously
shaken by hand for about 30 seconds to achieve a uniform
bacterial dispersion before an aliquot was removed for the 
next dilution. At low dilutions the presence of bacteria 
could usually be inferred from visible turbidity and
anisotropic light scattering effects. The amount of soil
carryover from the original slurry tube was small and every 
attempt was made to reduce this source of error. Typically a 
few grains of sediment would be visible only in the first one 
or two dilution tubes.
Care was taken to eliminate volumetric error from foam 
bubbles in the surfactant containing tubes. Initially a 
small amount of antifoam was added by a contact-touchstick 
method, but this was considered unsatisfactory since another 
variable is introduced into the screening program. A 
laboratory technique that circumvented this was soon 
discovered. By initially slightly overfilling the pipette 
with surfactant liquid and withdrawing the pipette tip 
through the liquid/foam/air interface while allowing some 
effluent flow, surfactant foam bubbles were physically 
prevented from rising into the pipette. The correct volume
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could then be consistently accurately measured for serial 
dilution or transfer to plate count dishes.
When the dilution tubes were done, the original soil 
slurry tubes were capped with loosely fitting plastic caps 
and transferred to an incubator at 30 °C for growth.
One mL of liquid from each of the several freshly 
prepared dilution tubes was transferred to separate sterile 
plastic petri dishes. About 15 - 20 mL of warm (45 - 50 °C) 
liquid agar was poured onto the drop to facilitate 
dispersion, the dish immediately covered and swirled rapidly 
to mix the two liquids. After about 15 to 20 minutes at room 
temperature the clear liquid agar had solidified into a 
translucent gel and could be transferred into the incubator. 
Plates were incubated upside down to prevent droplets of 
moisture condensation from falling down on the surface- 
growing cultures and spreading them into one another.
Aseptic technique was checked periodically and randomly 
by preparing an agar pour plate without added innoculum. 
Absence of colony development indicated absence of 
adventitious contamination during the pour plate preparation.
In screening a given culture as a function of time 
(days), the dilutions and pour plates were made at the same 
time each day to maintain uniform time increments. At least 
three and sometimes four series of dilutions and agar pour
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plates were made for each system studied to get at least 
three data points of growth as a function of time.
Cultures were observed on a daily basis but counts were 
not done until the sixth or 7th day of growth when discrete 
colonies were large, clearly visible, and distinct from tiny 
particulates occasionally seen in the agar gel. A Fisher 
Accu-lite counter was used for all aerobic plate counts. 
Each visible colony, whether surface-growing or imbedded in 
the agar, was counted by manual touching with a contact probe 
that registered the count. Generally plates with more than 
300 CFU's were rated as too-numerous-to-count (TNTC) unless 
the colonies were sufficiently small and discrete. Data was 
recorded as the number of colonies per plate, and after 
correction for dilution, reported as colony forming units/g 
soil (CFU/g) .
Color slide photographs were taken of selected 
interesting plates to record qualitative observations 
regarding colony color, morphology, and differences between 
surfactant and control systems. Photography was done with an 
Olympus OM-S2 program camera equipped with a 50 mm Macro lens 
and record-data back using ASA-160 tungsten Ektachrome film. 
A medium blue-gray background was found most suitable for 
contrasting various light colors of bacterial colonies.
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Samples for anaerobic growth studies were prepared using 
a modified roll tube method. One mL of liquid innoculum from 
a dilution tube (from above) was transferred to a small glass 
vial. About 15 mL of warm liquid Brewer's thioglycolate agar 
was carefully poured in to completely fill the tube, and the 
tube sealed with a teflon-lined screw cap. Incubation was at 
30 °C for at least two weeks.
Because of the poor mixing, slow growth, and diffuse 
nature of the anaerobic colonies, specific counts were not 
generally possible. Positive or negative ratings were 
tentatively made by qualitative observation. Positive tubes 
formed a gas bubble at the bottom ringed by a deposit of 
whitish bio-slime. Uninocculated controls and negative tubes 
did not show any signs of gas production (growth).
After four culture preparations this method was 
discontinued as it became apparent that for the particular 
soil systems under study, quantitative comparisons between 
surfactant and control were unlikely. Anaerobic cultures 
using other experimental methods were later studied by other 
students.
The contaminated soil mixture was characterized for 
particle size distribution, organic content, and composition. 
Particle size was estimated by visual comparison with known 
mesh size sand standards . This estimate was of soil
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aggregate size, as individual grains were held together by 
oily contaminant and not amenable to sieving. Percent 
organic content was determined by combustion of 10 g samples 
in a muffle furnace at 700 °C. The samples were air dried to 
constant weight before combustion to reduce error from 
moisture loss. Organic composition was determined by 
extraction into methylene chloride followed by gas 
chromatography/mass-spectrometery (GC/MS) analysis. The 
details of the GC/MS method are given in Ch. 5.
UV/visible absorbance spectroscopy was used to 
qualitatively screen some biodegraded soil samples prior to 
GC/MS analysis. The samples were received from Dr. Updegraff 
and consisted of organic residues recovered from evaporated 
acetone extracts of incubated creosote soil cultures. Dilute 
aqueous solutions were prepared at room temperature and 
examined on a HP 8451 Diode Array Spectrophotometer. UV 
analysis is inappropriate for compound identification in 
polynuclear aromatic mixtures as the compounds interfere with 
one another, but shifts in relative intensity of peaks 
indicated some change worth further investigation by GC/MS.
4.3 Observations
This section contains qualitative observations from 37 
test tube cultures and 402 pour plates that characterize
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fundamental differences among the DI control and surfactant 
systems. Specific or unusual observations for individual 
experiments are in the results and discussion section.
The DI control culture soil slurries were difficult to 
disperse during shaking and settled rapidly in less than five 
minutes. At the top of the liquid/air interface a few 
smaller grains would remain as a small floating raft 
suspended by surface tension. After incubation the turbidity 
of the supernatant would increase due to bacterial growth.
Floating soil particles were not observed in aged 
incubated cultures, suggesting complete wetting and/or 
decreasing surface tension with time due to excretion of 
surface active metabolites. The supernatant in the control 
culture tubes had only a slight brownish color that did not 
noticeably change with time. Incubated aged DI soil slurries 
foamed when shaken but the foam would break when agitation 
stopped. The weak foam suggests presence of dilute 
biosurfactants or other slightly surface active metabolites.
The surfactant containing soil cultures showed 
pronounced physical differences from the DI water controls. 
After shaking a more homogeneous dispersion formed than 
obtained in the control. This dispersion took longer to 
settle, usually 20 to 30 minutes, demonstrating the 
surfactant effectiveness at wetting and de-aggregating oily
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soil clumps. The color of the supernatant was a light tea 
color after only 5 minutes of shaking, indicating 
solubilization. Foam persisted for 20 to 30 minutes. No 
suspended soil fines were observed at the liquid/air 
interface consistent with a lower surface tension than in the 
DI control tube.
After one day incubation the supernatant was darker, 
suggesting more dissolution of dark creosote organics. At 
the liquid/air interface there would sometimes be a cream 
scum, presumably biomass, which increased with time. Liquid 
turbidity increased with incubation time indicating growth. 
Most surfactants formed clear brown thin solutions of 
dissolved creosote removed from the contaminated soil. TX- 
114, an alkyl phenol ethoxylate, phase separated in the 
incubator. A dark brown viscous gel phase separated out in 
between an upper phase of turbid supernatant and lower phase 
of settled soil.
All DI control slurries showed positive growth with time 
as indicated by increasing numbers of CFU/g. Nonionic and 
anionic surfactant cultures also showed positive growth with 
time. Colonies of sufficient size to be visibly observed 
appeared sooner (the second day) in the these surfactant pour 
plates than in the controls. However this early more visible 
growth did not always translate into higher total numbers
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when the final counts were made a week later. All the 
culture data of growth as a function of time are represented 
graphically in Appendix 4A.
Soil cultures containing added cationic surfactant 
cultures showed no growth at all beginning with the initial 
exposure of five minutes shaking.
Two of the surfactant stock solutions tested (anionic 
Avanel S-150 and nonionic TX-114) were found to contain 
different colored small homogeneous microbial populations. 
Characteristic salmon pink cultures disappeared when the 
Avanel surfactant stock solution was cultured with added 
creosote soil, suggesting creosote toxicity or inability to 
compete with adapted soil organisms. Adding a drop of 
creosote oil to a live Avanel S-150 surfactant stock solution 
showed a rapid decline of characteristic salmon pink cultures 
to zero growth within one wee k .suggesting creosote toxicity 
to unacclimatized surfactant bacteria.
Twenty minutes sterilization by steam autoclaving was 
sufficient to kill the adventitious microbes in TX-114: zero
growth was observed immediately after such treatment. Growth 
curves for creosote soil cultured in a live and autoclave- 
killed TX-114 surfactant solution were similar. The agar 
pour plates developed from these slurries containing 
organisms from the surfactant solution and from the creosote
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soil contained colony morphologies representative of the soil 
bacteria.
Pour plates from controls and surfactants showed a 
distribution of colors (white, cream, tan, yellow, pink) and 
morphology (smooth round, irregular round, flat, dome-shaped, 
wrinkled, lenticular) indicative of a heterogeneous soil 
population. The colors grew in about the fourth or fifth day 
of incubation. Surface colonies tended to be larger and 
rounder; colonies imbedded in the agar were smaller and 
prism-shaped. Differential enumeration and/or microbial 
classification was not conducted at this survey level of 
surfactant screening but qualitative observations were noted 
and photographically recorded for future reference. Twenty- 
two representative photographs from a total of over 200 are 
in Appendix 4B.
The random checks on aseptic technique were always 
negative. Bacterial colonies were never observed on un- 
inocculated agar plates.
4.4 Results and Discussion
This section reports the first data obtained comparing 
the observed growth as a function of time for surfactant and 
control cultures derived from creosote contaminated soil. 
Not only were there changes in population numbers, but there
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were differences in the shapes of the growth curves and 
species distributions.
The growth cycle in a freshly prepared batch culture 
typically consists of a lag or adaptation phase, followed by 
a logarithmic increase in bacterial numbers. After depletion 
of available food a stationary phase followed by a death 
phase occurs. The specific duration of these phases depends 
on many variables such as the scale of the batch experiment, 
nutrient concentration, incubation temperature, bacterial 
numbers, and the bacterial population distribution. In 
contrast to growth, toxicity is indicated by a rapid decline 
in or total absence of viable bacteria.
An idealized growth cycle is shown in Figure 4.1. 
Equation 4.5 from Figure 4.1 is valid only for the 
exponential growth phase where the specific growth rate is 
constant.
At the surfactant concentration tested, 1.5 wt % in 
culture, the nonionic surfactants (TX-114, Neodol 91-6, APG 
300) and the anionic surfactants (Avanel S 150, Avanel 70, 
Ralufon-10, Polystep A7, FC-95, FC-98 ) were not toxic to the 
creosote-soil bacteria. All systems showed positive growth 
with time similar to the model growth cycle in Figure 4.1. 
Apparently the soil bacteria acclimatized to creosote are not 











Define x as the biomass, a function of the number of bacterial cells; t 
is time; x q is the biomass at t = 0; and u is the specific growth rate, 
the rate of growth per unit biomass. Assume u is constant at steady 
state conditions. Then:
dx—  = ux 
dt
dx—  = udt 
x
J -  = Judt
X
XIn—  = ut






Figure 4.1 Idealized normal growth cycle for a bacterial
population in batch culture, and steady state 
rate approximation (Gerhardt, 1981) .
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a surfactant wash pretreatment to bioremediation of PNA 
DNAPL's and supports continued microbiological experiments 
with anionic and nonionic surfactants.
All growth cycle data are summarized graphically in 
Figures 4A.1 - 4A.14 in Appendix 4A. Those plots initially 
obtained by this author are designated as author's data; 
those obtained later by other students are designated as 
student data. These additional plots were included because 
they confirmed conclusions based on author's data. Selected 
corresponding photographs from the author's data are in 
Appendix 4B.
Surfactant TX-114 exhibited an undesirable phase 
separation in the aerobic culture tube at room temperatures. 
The HLB of this alkyl phenol ethoxylate is 12.4, and its 
reported cloud point is 25 °C for a one percent solution in DI 
water (Rohm and Haas, 1986). The phase separation indicated 
that its cloud point had been exceeded in the presence of 
oily contaminant. Solubilization of the creosote produced a 
new surfactant phase with greater hydrophobic character. 
Surfactants for creosote flushing will probably require a 
higher HLB surfactant, or one with greater water solubility.
In contrast to the nonionic and anionic results, the 
cationic surfactant (Cetrimide) was extremely toxic with no 
v iab l e  colonies d e t e c t e d  even after a one week
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acclimatization period. This observation verified that under 
the experimental conditions employed, the soil bacteria were 
sufficiently exposed to the surfactant to be killed if the 
chemical was toxic. The flat non-growth curve for the 
cationic Cetrimide cultured with creosote soil is shown in 
Figure 4A.1.
The positively charged cationic surfactant is expected 
to strongly adsorb to and disrupt the cell membrane causing 
death. Although cationics are known to be effective 
solubilizers for aromatic compounds such as naphthalene and 
anthracene (Armstrong, 1985), their biocidal activity clearly 
precludes use in enhanced bioremediation. Typical soil 
bacteria acclimatized to creosote were susceptible to a 
cationic surfactant. Supporting photographs comparing viable 
DI control with Cetrimide cultures are shown in Figures 4 B . 2 
and 4B.3.
Figure 4A.2 shows the susceptibility of indigenous 
surfactant bacteria to toxic creosote. The batch surfactant 
stock culture is in a plateau phase. Addition of a drop of 
creosote oil caused death of the entire population. The 
decline occured over a period of days and not instantly as 
observed with the cationic Cetrimide. The gradual decline 
may reflect the time requirement for solubilization of the 
toxic creosote.
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Figure 4B.4 shows creosote toxicity towards creosote- 
surfactant bacteria. In Figure 4B.4(a) a decline in 
surfactant populations is evident. In Figure 4B.4(b) a 
comparison of surfactant and mixed surfactant soil culture 
shows disappearance of the characteristic salmon pink 
surfactant bacteria in the presence of creosote-contaminated 
soil and dominance of the creosote-acclimatized white, cream, 
yellow, and tan soil bacteria. Cultures of the surfactant 
stock solution with added creosote became completely sterile 
after one week incubation.
Figure 4A.3 shows the growth cycle results for another 
mixed culture in which soil bacteria and indigenous 
surfactant bacteria were both initially present. One of the 
soil cultures contained surfactant that had been sterilized 
by steam autoclaving and separately shown to contain no 
living organisms (Figure 4B.5) . The other soil culture, 
designated live, initially contained both populations.
The live and killed-surfactant culture growth curves are 
similar to one another and.distinct from DI controls. The 
highest population was observed in the autoclaved sample, 
where soil was the only contributing source of microbes. 
Based on the previously demonstrated creosote toxicity to 
non-acclimatized bacteria, the surfactant bacteria in the 
live culture were unable to compete in the slurry mixture.
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Figures 4B.6 - 4B.8 show that the DI control and surfactant 
populations have similar type distributions.
Surfactant flushing in the field is not likely to have 
facilities for preparing sterile flushing solutions. The 
above observations suggest that introduction of surfactant- 
acclimatized bacteria will not threaten the indigenous PNA- 
degrading population.
The viable count method did not resolve effects of 
differences in pH and concentration of added surfactant 
solution. Makon 10 solutions of pH 10 and 7 showed similar 
positive growth (Figure 4A.4). Polystep A7 solutions of pH 
10 and 7 at 1.5 and 0.1 wt% concentration respectively were 
also tested. Although there is scatter among the curves, 
each surfactant trace shows growth similar to control (Figure 
4A.5) . The pH 10 system appeared inhibitory with a flatter 
growth curve, but repeat experiments in which the entire 
slurry culture of surfactant, Stanier's medium and soil was 
adjusted to pH 10 would be needed to confirm this 
interpretation.
The non-biodegradable anionic surfactants perfluoro FC- 
95 and FC-98 had no measurable effect on the creosote soil 
bacteria (Figure 4A.6). The concentrations tested were low 
due to the low solubility of these compounds, but just above 
the CMC at 0.25 wt%. The reported surface tensions for
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dilute 0.1 wt% solutions of FC-95 and FC-98 are 22 and 40 
dynes/cm respectively (3M 1987). Thus, a low surface tension 
environment vs. the natural 72 dynes/cm for water does not 
seem harmful to the soil bacteria.
Figure 4A.7 compares growth in the presence of a 
conventional aliphatic nonionic, Neodol 91-6 vs. an alkyl 
aryl ethoxylate anionic, Ralufon 10. Both growth curves 
followed their DI controls very closely. Neither appeared 
inhibitory. Effects of aromaticity or change in head group 
charge could not be evaluated from these results.
Figure 4A.8 compares two anionic-nonionic hybrids with 
varying degrees of ethoxylation. Again, both surfactant 
growth curves followed their DI controls very closely and 
were not inhibitory. The structural effects could not be 
deduced from the data.
Figures 4. A. 9 and 4A.10 show growth data for the 
biosurfactant analogue alkyl polyglycoside surfactants. 
Again there is positive growth.
Data in Figure 4A.10(b) show reproducibility for 
replicate pour plates. The reproducibility is excellent. 
Thus the differences in the APG 300 curves obtained by the 
different workers reflects experimental error including 
variability in soil sampling, differences in laboratory
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technique, and possible changes in the population of the 
refrigerated soil sample with time.
Survey of all the positive growth cycle curves in 
Appendix 4A shows that the surfactant curves followed control 
DI curves closely. Occasional overlaps and crossovers are 
within the observed experimental error. The viable count 
method was useful to demonstrate cationic toxicity, and 
anionic and nonionic tolerance by the creosote soil bacteria, 
but not sufficiently sensitive to differentiate among 
structural variations or small differences in concentration 
and pH of tolerated surfactants.
The observed scatter in control data reflected the 
intrinsic variability in sampling a soil bacterial 
population. Figure 4A.11(b) shows growth curves of four DI 
control replicates obtained by this author for different 
subsamples of the creosote contaminated soil run on different 
days with different batches of materials and solutions. 
Although the trends are uniform there is some scatter, about 
± 0 . 1  log units. Considering that the soil bacteria form a 
very heterogeneous population with different species 
ex h i b i t i n g  different growth rates, this run-to-run 
reproducibility was satisfactory.
The companion plot in Figure 4A.ll(a) shows similar data 
obtained by three other students also conducting surfactant
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screening. The growth trend was consistent, but the scatter 
was much wider, about ± 1 . 5  log units. This wider variation 
is attributed to inconsistency in soil sampling and 
laboratory technique. Although the viable plate method is 
conceptually simple, experimental error in dilution and 
liquid sampling can readily propagate through the multistep 
l a b o r a t o r y  implementation. Because the collected
contaminated soil samples consisted of oily sandy particles 
in various states of aggregation with miscellaneous small 
pebbles the same mass of different samples could supply 
different amounts of surface area, adsorbed creosote, and 
microbes. Thus, selection of a subsample for culture would 
reflect the bias of the worker.
In all the experiments the measured positive growth was 
determined from total bacterial counts. It is not known from 
these screening experiments if significant changes in 
population distribution were occurring nor to what extent the 
surfactant itself was being used as a nutrient in competition 
with the contaminant, nor to what extent the surfactant was 
altering the extraction efficiency of soil bacteria. These 
are limitations of the viable count method.
Because of the generally low extraction efficiency of 
bacteria from the contaminated soil into liquid diluent media 
only a fraction, perhaps less than 10% of the soil population
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is enumerated by the viable plate count technique (Alexander, 
1977) . The fraction of original soil-bound colonies that is 
released and broken up into individual cells is unknown. 
Thus it is also unknown if those bacteria surviving 
extraction and transfer to culture media are representative 
of the original consortium. The numbers measured for CFU/g 
soil are underestimates of the true population and are used 
only to represent trends in microbial response to surfactant.
The values obtained for the various controls were thus 
low estimates of the number of bacteria living in creosote 
contaminated soil. The observed average from Figure 4A.11(b) 
is 1.6 x 107 CFU/g soil, consistent with previous findings of 
1.6 x 107 CFU/g for the lighter soil sample and 6.6 x 104 
CFU/g for the dark soil (D. Updegraff, 1989) . These 
observations are within the 105 - 108 range typically reported 
for viable plate counts of soil populations and less than the 
108 - 1010 range estimated by direct microscopy (Alexander,
1977) .
As the creosote contaminated soil samples were both very 
sandy, containing no visible leaves and twigs, the weight 
percent creosote was determined from combustion analysis. 
Combustion analysis data are shown in Table 4.3. The 
concentrations ranged from 10 - 12 wt%, so the contaminated
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Table 4.3 Combustion Assay of Creosote Contaminated Field 
Soils Used in Aerobic Cultures
Sample
ID
Test # i Initial 
































Initial mass was measured after air drying moist soil to 
constant weight. Final mass was measured after the 
combustion sample had cooled to room temperature. The mass 
creosote is the amount lost during combustion.
soil contained a surprisingly healthy population of 
acclimatized species.
The slightly higher weight percent values initially 
measured for the lighter sample were unexpected so the 
analysis was repeated on a larger scale. The same values of 
10 - 12 wt% were observed, apparently contradicting the
coloration of the contaminated soils. The different soil 
bacterial counts are not expected to account for this 
difference: bacterial biomass estimated according to Atlas
(Atlas and Bartha, 1987) was negligible at less than 0.01 mg 
in the measured soil samples. Since other hydrocarbon 
contaminants and humic matter may also be present in field
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samples, creosote levels for aged contaminated soils cannot 
be ranked by visual inspection.
The average weight percent creosote was 10.9 % for the 
employed 1:1 soil mix. If all the soil-bound creosote 
dissolved in a culture tube containing contaminated soil, 
S t a n i e r 's medium and surfactant solution, the maximum 
possible solution concentration of dissolved creosote would 
have been 5789 ppm. This amount exceeds the observed 
solubility range of 2000 - 4000 ppm stock creosote in model 
tests of 1.5 wt% surfactant solutions (Ch.5). Thus growth in 
aerobic soil cultures suggests the toxic threshold of aqueous 
creosote may be above 2000 - 4000 ppm in the tested
surfactant solutions.
The creosote available for utilization in the aerobic 
batch culture experiments consisted of 3-ring and higher 
PNA's, as determined by GC/MS. The total ion chromatograms 
are shown in Figure 4.2 with supporting peak identification 
and area percent data in Table 4.4 and Appendix 5C. Traces 
of oxidized products identified in the field samples of 
creosote contaminated soil suggest that biodegradation in 
addition to volatilization and leaching has depleted the 
lower molecular fraction relative to stock creosote. Thus 
growth in the aerobic soil cultures was sustained by the
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Figure 4.2 Total ion chromatograms of (a) stock creosote and 
two field soils historically contaminated with 
creosote (b) dark brown soil (c) light brown 
soil. Crossed out peaks are due to column bleed.
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Table 4.4 Comparison of Major Ion Peaks in Stock Creosote 














5.9 1-H Indene 116 13
8.8 Naphthalene 128 47 - 4
9.9 Quinoline 129 9 - -
10.6 Methyl naphthalene 142 42 3 8
11.9 Biphenyl 154 10 - -
12 .2 Tetradecane 198 5 - 16
13.2 Acenaphthene 154 47 35 4
13. 6 Dibenzofuran 168 22 19 5
14 .5 9-H-Fluorene 166 33 30 10
16.8 Phenanthrene 178 100 100 21
16.9 Anthracene 178 18 24 55
17 .4 9-H Carbazole 167 7 7 15
18 .2 4-H Cyclopenta 
[def]phenanthrene
190 23 15 7
18.8 9,10 Anthracene 
dione
208 5 13 10
19.7 Fluoranthene 202 57 66 51
20.1 Pyrene 202 34 45 100
23.2 Chrysene, or isomer 
Triphenylene
228 7 11 31
RT is retention time on the GC capillary column in minutes. 
MW is the molecular weight of the compound. The ratio % is 
the ratio of a given peak area to the area of the major peak, 
with the latter set at 100 % and boldfaced. Compounds that 
were not detected or less than 1 area % are designated as -.
T-4054 270
higher molecular weight fraction of creosote that would be a 
target for enhanced degradation.
Changes in population distribution may alter the ability 
of the microbial consortium to degrade substrate mixtures. 
If one segment of the population is destroyed and that 
segment performs some key PNA transformation or releases 
nutrients that other consortium members need, then the 
overall viability of the entire consortium may be reduced.
Photographs of incubated pour plates showed subtle 
changes in population composition attributed to contact with 
surfactants in aerobic batch cultures. Figure 4B.l(a) and 
(b) provide two views of the heterogeneous population 
typically observed in a control creosote soil culture. 
Comparison with other photographs in Appendix B reveals that 
surfactant cultures tended to contain subsets of the control 
population. It is unknown how this apparent loss of 
diversity may affect creosote degradation.
To address the issues of developing bacterial diversity 
and/or selective bacterial extraction by surfactants, two 
modifications of the standard aerobic culture experiment were 
tried. The first modification was designed to separate any 
chemical (toxic) effects of the surfactant from its physical 
properties (possible enhanced bacterial extraction from
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soil) . The second modification was designed to observe 
microbial recovery or activity after surfactant extraction.
In the first modification, 1 g of the normal creosote 
soil mix was shaken in a sealed tube with 9 ml of sterile 
Stanier's medium. After settling, the liquid containing 
suspended bacteria was carefully decanted into a fresh, 
sterile test tube. This was done in duplicate. DI water was 
then added to one tube containing supernatant to serve as 
control. Anionic surfactant Avanel S-150 was then added to 
the second tube which theoretically contained the same amount 
and type of suspended bacteria and traces of dissolved 
creosote. The key change is that surfactant was not present 
during slurry shaking, and therefore unable to alter 
bacterial extraction from the contaminated soil.
The extracted soil was then treated as before, with 
addition of Stanier's mineral salts medium and DI water to 
the slurry control, and addition of Stanier's medium and 
surfactant to the surfactant slurry test. Four samples 
consisting of one pair of supernatant culture tubes (DI 
control vs. surfactant) and one pair of soil slurry culture 
tubes (DI control vs. surfactant) were then incubated and 
followed over time.
The plots in Figure 4A.12 clearly show initial parallel 
positive growth curves in both surfactant supernatant and DI
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control supernatant cultures. After six to seven days the 
microbial population in the surfactant cultures surpassed the 
control. Considering that both supernatant extracts 
initially contained equal amounts of extracted bacteria, the 
rise in the surfactant curve may be attributed to viable 
growth, and not just a more efficient extraction of soil 
bacteria. The observed population types in surfactant and 
control samples were similar.
After a few days the DI slurry control entered the flat 
plateau phase in which growth was probably limited by the 
availability of dissolving soil-bound creosote. The DI 
supernatant growth curve then declined indicating depletion 
of available nutrients. In contrast both the surfactant 
samples were still in exponential growth. The continued 
growth in the surfactant supernatant culture after the DI 
control began declining suggests that the surfactant was 
being utilized as a nutrient. The continued growth in the 
surfactant-soil culture may reflect microbial degradation of 
surfactant and enhanced degradation of solubilized creosote.
In the second modification designed to determine the 
potential after-effects of surfactant flushing both control 
and nonionic APG 300 surfactant soil cultures were prepared 
as usual, but the liquids were decanted after multiple 
extractions. The first extract was designated as SA-E1 for
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surfactant and DIA-E1 for DI control. The extracted soils 
were then repeatedly shaken with fresh aliquots of Stanier's 
solution until no trace of surfactant activity was observed.
This was determined by lack of foaming and the return of soil
fines suspended at the air/water interface by high surface 
tension.
The washed soil was amended with Stanier's medium and 
the soil culture and all collected washings incubated as
usual. The only carbon source in the slurry cultures should 
have been soil-bound creosote. This experiment was done in 
duplicate, designated as series A (three washing extracts and 
one soil sample) and series B (three washing extracts and one 
soil sample).
Figure 4A.13 (series A) and Figure 4A.14 (series B) show 
enhanced viability in the surfactant washed soil cultures,
suggesting that remaining soil bacteria can utilize creosote 
more effectively after surfactant washing. The origin of 
this favorable result is unknown, but may possibly be due to 
some combination of reduction of inhibitory creosote levels, 
improved soil wetting and nutrient transport, and soil 
particle de-agglomeration to provide higher surface areas for 
extraction.
All the surfactant washings, SA-E1 to SA-E3 and SB-E1 to 
SB-E3 showed positive growth, indicating the APG 300 was not
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toxic to the suspended bacteria. Surfactant and solubilized 
creosote may both have been substrates in these samples.
The growth trends for the DI control samples were 
different as a group from the surfactant samples. Initial 
growth was followed by plateau and death due to limited 
nutrients in the DI control batch cultures. This trend was 
confirmed in the duplicate series B, shown in Figure 4A.14.
These tests showed that a viable population of soil 
bacteria remained active and able to degrade creosote after 
exposure to a nonionic surfactant. Observed positive growth 
in batch aerobic soil cultures containing a variety of 
anionic surfactants (PA-7, Ava S-150, Ava 70, RN-10, RN-6)
suggests that they were not inhibitory to the creosote soil 
bacteria. The combined results suggest that the reported 
decline in microbial populations observed by Union Pacific 
(1989, 1988) may have been due to the high pH of the flushing 
solution rather than unfavorable interaction with dilute 
aqueous anionic and nonionic surfactants. Future research
on the effect of exposure time on microbial population 
distributions and ability to utilize certain creosote 
components may offer additional insight.
Photographs of the extraction experiments suggest 
bacterial selection or discrimination in the surfactant 
liquid extracts, and a trend towards decreased diversity in
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the surfactant-washed soil cultures (Figures 4B.9 - 4B.11). 
The first two liquid extracts containing the highest 
concentration of surfactant had fewer species types. The SB- 
E2 extract contained a nearly homogeneous population of white 
colonies (Figure 4B.11(b)).
The surfactant used, APG 300, an alkyl polyglycoside, is 
expected to be quite biocompatible. It is unknown if the 
observed bacterial selection was a result of stimulation or 
inhibition of one species at the expense of another. Figure 
4B.12 clearly shows increased numbers of total viable 
bacteria in the surfactant washed soil samples. Presumably 
these higher numbers could accelerate overall creosote 
degradation rates.
GC/MS analysis of organic extracts from incubated 
freshly contaminated soil (from Updegraff, 1990) showed 
preferential loss of the low molecular weight, low retention 
time components. The total ion chromatograms are presented 
in Figure 4.3, comparative data for the first ten major peaks 
tabulated in Table 4.5, and the complete spectrum integration 
tables are in Appendix 4C.
Comparison of Figure 4.3 (a) and (b) shows that the
first three major creosote peaks (indene, naphthalene, 
quinoline) were not detected in the formaldehyde killed 
control. This may be due to work up losses such as
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Figure 4.3 Comparison of total ion chromatograms for
(a) stock creosote oil and organic extracts from
(b) formaldehyde killed incubated control (c) 
incubated live creosote-contaminated soil, in 
a longer acquisition time spectrum.
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10 . 6 33142 42Methyl Naphthalene
Biphenyl 1010154
13 .3 2541Acenaphthene 154 47
13.7 Dibenzofuran 168 22 13
14 . 6 9-H Fluorene 2732166 33
100 100 100Phenanthrene 178
17 .0 Anthracene 18 18178 15
RT is retention time on the GC capillary column in minutes. 
MW is the molecular weight of the identified compound. The 
ratio % is the ratio of a given peak area to the area of the 
major peak, with the latter set at 100 % and boldfaced. 
Compounds that were not detected or less than 1 area % are 
designated as -.
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i ncom p l e t e  extra c t i v e  recovery from the soil or 
volatilization during evaporation from acetone soil washings. 
Comparison of chromatograms (b) and (c) shows an additional 
loss in the biodegraded sample (c) of methyl naphthalene 
isomers and biphenyl. The first significant peak was 
acenaphthene, a bridged two ring PNA structure with boiling 
point of 278 °C . The additional loss over control was 
attributed to biodegradation in the live culture.
This result was consistent with the red shift observed 
in the screening UV/vis absorbance spectra. The original UV 
spectra of dilute water solutions of these samples and the 
computer subtraction spectrum are in Figure 4.4. The 
absorbance subtraction spectrum 4.4(c) in which the killed 
control spectrum was computer-subtracted from the biodegraded 
extract showed a shift to longer wavelengths.
This absorbance shift may be attributed to enrichment 
with higher molecular weight more extensively delocalized 
PNA's, or to a bathochromic shift induced by hydroxyl and 
carboxyl groups in oxidation metabolites (Skoog and West, 
1971) . The GC/MS analysis favors the former interpretation, 
as significant new oxidized PNA's were not found. Studies 
examining the influence of preferred surfactants (identified 
in Ch.5) on the rate and extent of such PNA loss are being 








Figure 4.4 Absorbance vs. wavelength in nm, against DI
water reference for dilute aqueous solutions of 
extracts of aerobically incubated creosote soil: 
(a) formaldehyde killed control (b) biodegraded 
extract (c) difference spectrum (b)-(a).
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4.5 Conclusions
The initial survey of surfactants found that low 
concentrations of anionic and nonionic surfactants were not 
toxic but stimulatory in aerobic batch cultures to creosote- 
acclimatized soil bacteria. Surfactants for soil flushing 
may be selected from these groups on the basis of physical 
performance. Thus, the initial goals of determining 
biocompatibility and demonstrating growth enhancement have 
been m e t .
Cationic surfactants were toxic under the same 
experimental conditions. The exact inhibitory level of 
surfactant-dissolved creosote is unknown, but at least above 
2000 - 4000 ppm for creosote-acclimatized organisms.
Control extraction experiments showed that increase in 
bacterial numbers during incubation was due primarily to 
viable growth in the presence of surfactant rather than 
enhanced physical extraction from the soil by the surfactant 
solution.
Soil bacteria exposed to a non-toxic surfactant were 
able to resume creosote degradation after the surfactant 
solution had been removed. Data from duplicate experiments 
suggested faster growth in the post-surfactant environment, 
but the mechanisms for this enhancement are unclear. 
Experiments with other surfactants could reveal if this may
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be a general phenomenon. A larger population of active 
bacteria should accelerate in situ remediation, a desirable 
effect.
GC/MS analysis of field samples of creosote contaminated 
soil and aerobically incubated samples confirmed preferential 
loss of lower molecular weight components. The contaminated 
soil samples used in aerobic batch cultures were 
predominantly three ring and higher PNA's. Therefore, the 
observed microbial growth in those cultures containing 
surfactant solution suggests that solubilization of these 
higher molecular weight compounds was not inhibitory to the 
soil bacteria.
Changes in bacterial population distribution can occur 
as a result of surfactant exposure. The effect of exposure 
time, and consequences for creosote degradation are unknown.
The viable plate count method was useful for this 
initial survey, but more sensitive techniques will be 
required to differentiate among various structural types of 
nonionic and anionic surfactants.
The discovery of indigenous growth in some surfactant 
stock solutions emphasizes the need for sterile control. 
Preparation of fresh solutions in sterile water, storage at 5 
°C, and aseptic sampling were sufficient to maintain sterile
T-4054 282
stock solutions. Addition of chemical biocides is 
unsuitable.
Bacteria acclimatized to surfactant were killed by added 
creosote oil. Bacteria originating from surfactant solutions 
were not competitive in mixed cultures with creosote- 
acclimatized soil bacteria. Therefore the risk of seeding a 
contaminated soil with undesirable bacteria during surfactant 
flushing is minimal.
The variability in sampling heterogeneous contaminated 
field soils overwhelmed other sources of experimental error. 
Because the same mass of different samples could supply 
different amounts of surface area, adsorbed creosote, and 
microbes, DI controls should be run with each batch of 
surfactant soil cultures using a portion of the same soil.
Anaerobic assay by the roll tube method was 
unsuccessful. This may be due to a combination of laboratory 
technique (not strictly anaerobic) and/or small populations 
of anaerobes initially present in surface soil samples. 
Other methods need to be investigated to study anaerobes.
4.6 Recommendations
There are three general recommendations to build on the 
findings of this work. First, the rate and extent of PNA 
degradation enhancement in the presence of surfactant
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solutions should be quantified. Second, the effect of
changes in microbial population distribution on the rate and 
nature of creosote degradation should be explored. Third, 
potential treatment methods need to be considered for the 
produced fluid mixtures of creosote and surfactants.
Quantitative analysis of the amount and composition of 
soil contaminant as a function of time would provide data on 
surfactant enhanced biodegradation compared to unamended 
control. These investigations should include isotope
labelling studies to discriminate between contaminant and
surfactant biodegradation. Kinetic experiments for different 
surfactants of varying creosote solubilization would also 
help model the solubilization/biodegradation relationship.
As described previously in Ch. 3, development of an
aqueous based analytical method such as HPLC would facilitate 
a n a ly zing complex aqueous mixtures of surfactants, 
contaminants, and biodegraded metabolites. GC/MS would still 
be needed to confirm identities of resolved mixtures.
More detailed information on microbiological response to 
surfactants is also needed. Microcosm experiments exposing 
the soil bacteria to surfactant flushing solutions for 
extended times, on the order of weeks, would reveal potential 
for long term effects. Changes in bacterial population 
distribution should be correlated with biodegradation rates
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of creosote and creosote components to verify that the 
consortium remains viable.
Complementary with the microcosm experiments, the degree 
of generation of potentially carcinogenic metabolites needs 
to be investigated for surfactant and control systems. 
Others have reported that Ames positive ratings indicative of 
mutagenic activity often increase during the course of 
mineralization of PNA's via release of reactive epoxide 
metabolites (Paige, W. Jr., 1989; Donnelly et al., 1987).
Produced fluids containing dissolved creosote from a 
field flushing process could be regarded as RCRA hazardous 
materials on the basis of toxicity. Other hazardous 
characteristics such as ignitability, corrosivity, and 
reactivity do not apply. On-site biological treatment is the 
most feasible. Various feed compositions of surfactant and 
solubilized creosote would need to be tested to determine 
optimum conditions for mineralization. Organic content as a 
function of time could be monitored by total organic carbon 
measurements, but to explore any selection in contaminant 
degradation a more sophisticated technique such as HPLC or 
GC/MS would be needed.
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Figures 4A.1 - 4A.14 Graphs of CFU/g Soil vs. Time for 
Aerobic Control and Surfactant Cultures with Creosote
Contaminated Soil
(AD) designates author's data. 
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Time, days -------- >
Figure 4A.1 Effect of cationic surfactant on aerobic creosote 
soil culture: log CFU/g soil vs. time for DI
control and Cetrimide (AD).
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Figure 4A.2 Effect of creosote oil on aerobic culture of
surfactant stock solution containing indigenous 
viable bacteria: log CFU/ml stock solution vs.
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Figure 4A.3 Comparison of mixed cultures containing creosote 
acclimized soil bacteria v s . creosote 
acclimatized soil bacteria and indigenous 
surfactant bacteria vs. Dl control: log CFU/g
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(b)
Figure 4A.4 Effect of surfactant solution pH on aerobic soil 
cultures vs. Dl control: log CFU/g soil vs. time
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(b)
Figure 4A.5 Effect of surfactant solution pH and
concentration on aerobic soil cultures vs. Dl 
control: log CFU/g soil vs. time for (a)
Polystep A7 1.5 wt% pH 10 (b) Polystep A7 0.1 wt% 
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(b)
Figure 4A.6 Effect of non-biodegradable surfactant solution 
on aerobic soil cultures vs. Dl control: log
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(b)
Figure 4A.7 Effect of aliphatic nonionic vs. alkyl aryl
anionic surfactant on aerobic soil cultures vs. 
Dl control: log CFU/g soil vs. time for (a)
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(b)
Figure 4A.8 Effect of degree of ethoxylation of surfactant on 
aerobic soil cultures vs. Dl control: log CFU/g
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(b)
Figure 4A.9 Effect of alkyl polyglycoside nonionic surfactant 
on aerobic soil cultures vs. Dl control: log
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(b)
Figure 4A.10 Effect of alkyl polyglycoside nonionic
surfactant on aerobic soil cultures vs. Dl 
control: log CFU/g soil vs. time for (a) APG
300 (AD) (b) APG 300 (SD).
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•  Surfactant supernatant 
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Figure 4A.12 Effect of surfactant added to supernatant
extract from creosote soil and to extracted soil 
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(a)
Figure 4A.13 Series A. Effect of alkyl polyglycoside
nonionic surfactant extraction on creosote 
acclimatized soil bacteria vs. Dl controls: log 
CFU/g soil vs. time for Dl washings (DIA-E1 to 
DIA-E3), Dl soil slurry (DIA-E4), APG 300 
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(b )
Figure 4A.14 Series B. Effect of alkyl polyglycoside
nonionic surfactant extraction on creosote 
acclimatized soil bacteria vs. Dl controls: log 
CFU/g soil vs. time for Dl washings (DIB-E1 to 
DIB-E3), Dl soil slurry (DIB-E4), APG 300 




Figure 4 B .1 - 4B.12 Photographs of Surfactant and Dl Control 
Agar Pour Plates from Aerobic Cultures of Surfactant Stock 
Solutions and Creosote Contaminated Soil.
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(b)
Figure 4 B .1 Dl control pour plates from aerobic culture of 
creosote contaminated soil showing diverse 
colony colors and morphologies. (a) 6 day 
culture, 5th dilution, closed plate (b) 6 day 
culture, 5th dilution, open plate showing 
smoothe and rough morphologies.
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Figure 4B.2 Toxic effect of cationic surfactant Cetrimide on 
creosote soil bacteria: series of pour plates













Figure 4 B .3 Toxic effect of cationic surfactant Cetrimide 
vs. Dl control on creosote soil bacteria (a) 
After initial mixing contact growth is only 
observed in Dl control (b) After three days 





Figure 4B.4 Creosote oil toxicity to Avanel S-150 surfactant 
bacteria (a) from left to right characteristic 
pink bacteria decrease after one day incubation 
(b) characteristic pink cultures in mother stock 
solution (top), depletion in creosote-inhibited 
stock solution (left), absence in mixed culture 
with creosote contaminated soil (right).
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(b)
Figure 4 B .5 Bacterial growth in nonionic phenol ethoxylate 
TX-114 and effect of steam sterilization. (a) 
homogeneous population in fourth to sixth 
dilutions (b) no viable growth in autoclaved 




Figure 4B.6 Viable growth of creosote soil bacteria in DI 
control (top), sterilized (left) and live 
(right) TX-114 surfactant (a) after initial 
mixing contact (b) after one day incubation.
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(b)
Figure 4B.7 Continued viable growth of creosote soil
bacteria in DI control, live, and sterilized TX- 
114 surfactant after four days incubation (a)
DI control (left) vs. live TX-114, fifth 
dilution (b) DI control (left) vs. sterilized 
TX-114, sixth dilution.
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Figure 4B.8 Continued viable growth and bacterial speciation 
in TX-114 surfactant cultures after six days 
aerobic incubation: DI control (top),
sterilized TX-114 (left), live TX-114 (right).
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(b)
Figure 4 B .9 Viable growth in serial washing and soil slurry 
cultures at t = 0 , fourth dilution, for (a) DI 
control washings E1-E3 and DI control soil 
culture E4 (b) APG 300 surfactant washings El- 
E3 and washed soil culture E 4 .
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(b)
Figure 4B.10 Viable growth and apparent bacterial selection 
in surfactant serial washing cultures at t = 2 
days, fifth dilution, for (a) DI control 
washings E1-E3 and DI control soil culture E4 
(b) APG 300 surfactant washings E1-E3 and washed 
soil culture E 4 .
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(b)
Figure 4B.11 Viable growth and enhanced bacterial selection 
in surfactant washing cultures at t = 7 days, 
sixth dilution, for (a) DI control washings El- 
E3 and DI control soil culture E4 (b) APG 300 
surfactant washings E1-E3 and washed soil 
culture E 4 .
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(b)
Figure 4B.12 Enhanced growth and change in population
distribution vs. DI control in surfactant washed 
creosote soil cultures at t = 7 days, sixth 
dilution, for (a) Series A DI control soil 
culture E4 (left) vs. APG 300 surfactant washed 
soil culture E4 (right) (b) Series B DI control 




Tables 4 C .1 - 4C.5 GC/MS Total Ion Chromatogram Integration 
Results for Creosote Contaminated Soils
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Table 4C.1 Integration Report for Stock Creosote Oil
Report by Signal
L .rator: JANE CURRIE 4 Aug 90
Sample Into : NEW CREO SAMPLE, DECANTED LIQUIDS 
Misc In-fo:
Integration File Name : DATA:NEWCREQ.I
Ret Time Type
Total Ion
Area Height Area ’/. Rati o 7.
5.77B BB 18178019.07B 745108.42073 0. 400 2. 41
5.995 BB 100472698.23 4077524. 0734 2. 208 13. 30
8.802 BV 356423520.77 11780561 .518 7. 834 47. 17
8. 945 VB 10825272. 363 438528.04525 0. 238 1 . 43
9.705 BB 64766211.370 2851451.4554 1. 424 S. 57
10.626 VV 317131058.11 11977607.508 6. 971 41. 97
10.707 VV 40371231.299 1402597.4274 0. 887 5. 34
10.861 VB 153014542.44 6322360.5556 3. 3o3 20 ■
11.874 BV 73802767.170 3361002.0768 1. 622 9. 77
12.059 VV 24221587.662 868793.94572 0. 532 3.21
12.204 VV 38839928.521 1249040.0284 0 - 854 5. 14
12.406 PV 28171902.589 1317262.6360 0.619 3. 73
12.448 VV 18535852.539 784635.73685 0. 407 2. 45
12.778 VV 19705124.544 883879.08457 O. 433 2.61
,13.280 PV 319049842.65 11095184. 589 7. 013 42. 22
( 13.449 VV 12238258.985 405690.34065 0.269 1. 62
13.680 PV 154033847.08 5952503.2673 3. 386 20. 38
14.527 BV 247534689.74 9795406.2340 5. 441 32.76
14.661 VV 22385050.855 705159.00271 0.492 2. 96
14.733 VV 43235077.963 1332618.0710 0.950 5. 72
14.822 VV 22697430.330 917479.00410 0. 499 3. OO
14.982 VV 31994777.101 1240914.1708 0. 703 4. 23
15.137 VV 38411854.646 1648317.9515 O. 844 5. 08
15.648 PV 19343324.874 869350.90002 0.425 2 - 56
15.886 VV 23499769.698 782202.41433 0.517 3. 1 1
16.085 VV 10456378.785 438208.57824 0. 230 1.38
16.473 VB 78233252.725 2361863.8117 1. 720 10. 35
16.853 BV 755666774.16 15701545.098 16.610 100.00
16.923 VV 99978355.791 3848037.4704 2. 198 13.23
17.050 VV 29927668.156 763220.41274 0.658 3.96
17.460 PV 49570756.343 1708295.1265 1. 090 6 • 56
17.666 VV 11713219.671 519684.61815 0. 257 1. 55
18.021 BV 41788115.447 1661979.4903 0.919 5.53
18.082 VV 54876612.286 2083151.7002 1 . 206 7. 26
18.241 VV 170104236.53 3906054.5243 3. 739 22.51
18.823 PV 38988342.341 1335830. 8943 0.857 5. 16
19.718 VV 433423937.20 12274183.472 9.527 57. 36
20.193 PV 256928355.91 8405368.3797 5.647 34. 00
20.264 VV 69824151.864 2765758.8985 1 . 535 9. 24
20.585 BB 21772561.101 595832.91682 0. 479 2.88
. 104 PV 43752342.974 1246472.6911 0. 962 5. 79
\ ..269 PV 48751133.414 1270387.3192 1. 072 6. 45
21.401 VV 14304752.462 485222.16446 0.314 1 . 89
22.677 VV 14940982.204 418060.44169 O. 328 1. 98
23.172 PV 55093401. 117 1678870.5102 1.211 7.29
23.266 VV 50524918.339 1427143.2024 1.111 6. 69
END OF REPORT tor tile: DATA:NEWCREO.I 3:48 pm 4 Aug 90
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Table 4C.2 Integration Report for Creosote Contaminated 
Field Soil, Dark Sample
Report by Signal
Operator: JANE CURRIE 22 Sun 91
Sample Info : DU DARK SOIL 
Mi sc Info:
Integration File Name : DATA:JKCDU1.I
Total Ion
Ret T i me Type Area Height Area 7. Ratio 7.
10.563 BV 11149943.194 523976.674S3 0. 560 2. 66
10.810 BB 9801448.0917 423997.61614 0. 492 2. 34
12.369 BV 3950310.0970 347079.86145 0. 198 0. 94
13.230 PV 148465867.48 6759633.1696 7. 459 o5. o7
13.637 VV 79842360.194 3713841.1416 4.011 19.02
14.473 PV 123737472.76 5899396.5094 6.216 29.48
14.696 VV 10927279.121 614565.11639 0. 549 2. 60
14.947 BV 14498791.427 658473.58893 0. 728 3.45
15.101 VV 20846139.870 886585.66256 1 . 047 4.97
15.923 PV 7129423.8296 413323.86794 0. 358 1. 70
16.303 BV 32730691.182 399810.67168 1 . 644 7. 80
16.438 VV 36138565.670 1121584.2511 1 . 816 8. 61
16.773 BV 419741369.55 13999539.160 21.087 lOO.00
16.866 VB 99741873.841 4743608.0055 5.011 23. 76
17.424 BV 28948550.236 1000051.2796 1 . 454 6. 90
17.982 BV 25393294.838 1030493.1212 1 . 276 6.05
18.039 VV 33910710.804 1435764.5839 1 . 704 8. 08
18.196 VV 62715621.135 2015146.7054 3. 151 14. 94
18.283 VB 20688343.143 789513.33926 1. 039 4.93
18.784 PV 55648330.117 2033062.833.• 2. 796 13. 26
19.106 BV 11858943.590 557337.56386 0.596 2.83
19.652 VB 278505091.06 10207937.417 13.992 66. 35
20.071 VV 9697879.9387 551112.S26S5 0. 487 2.31
20.139 VV 190234245.30 7513069.0781 9. 557 45.32
20.214 VV 56708536.644 1837686.6726 2.849 13.51
20.994 PV 17536636.062 737672.04050 0. 881 4. 18
21.062 VB 18810320.853 596182.51647 0.945 4. 48
21.886 VV 15382336.716 609444.72031 0. 773 3. 66
22.634 VV 18885534.022 467487.54817 O. 949 4.50
22.739 VV 15369754.981 707846.39267 0. 772 3. 66
22.995 VV 20119540.883 833696.41246 1.011 4.79
23.134 PV 35155403.867 1161297.1137 1.766 8.38
23.229 VV 44767185.984 1293155.663S 2.249 10.67
23.597 PV 11446980.915 458214.96872 0. 575 2. 73
END OF REPORT for file: DATA:JKCDU1.I 10:51 am 22 Jun 91
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Table 4C.3 Integration Report for Creosote Contaminated 
Field Soil, Light Sample
Report by Signal
Operator: JANE 
Sample Into : 
Mi sc Into: 
Integration Fi
Currie 
DU SUIc L iShI




Ret Time Type Area Height Ar ea 7. Ratio 7.
8. 736 BB 137 31429.354 595381.90370 0. 797 4. 24
10.563 BB 24234417.760 1099471.1243 1. 409 7. 49
10.809 BB 10013922.177 469837.95346 O. 581 3. 09
12.196 BB 527S7 702.241 26 78192.3340 3.063 16.29
13.216 BV 116 76607.784 549109.61418 0. 677 3. 60
13.634 VV I 4708039.08i 601016.37616 0.853 4.54
14.465 BB 31712560.965 1489736.3861 1 . 840 9. 79
16.739 BV 67439540.953 2882367.1377 3.913 20. 81
16.858 VV 179153032.41 7645512.9369 10.394 55.29
17.415 BV 43544483.375 1907 611.3136 2.816 14. 98
18.038 VV 8466656.0452 406130.90161 0. 491 2.61
18.192 VV 22920551.131 902876.55999 1. 330 7.07
18.782 VV 32067607.938 869795.86739 1.860 9. 90
19.503 VV 62416970.950 1956614.1121 3.621 19. 26
19.639 VV 165058028.79 6347340.8767 9.576 50. 94
20.145 VV 324022620.88 1 1545479.663 18.799 100.OO
20.219 VV 56788470.566 1967453.7995 3. 295 17.53
20.531 VV 27078151.168 892935.11209 1 . 571 8. 36
20.805 VV 22261143.746 638361.33899 1.292 6. 87
21.063 VV 55127291.743 956113.71223 3. 198 17.01
21.273 VV 34070029.713 818607.75605 1.977 10.51
21.361 VV 27549574.835 593533.10604 1.598 8.50
21.481 VV 18756179.669 620616.33818 1.088 5. 79
22.151 PV 13832586.558 394522.86956 0.803 4.27
22.330 VV 25301839.939 597682.30997 1.468 7.81
22.540 VV 17797779.255 425646.00344 1.033 5. 49
22.634 VV 39601659.593 1077927.7691 2.298 12. 22
22.989 VV 15380278.962 630057.84785 0. 892 4.75
23.134 PV 67461386.682 2383833.8873 3.914 20.82
23.230 VV 101471021.70 3294915.3164 5.887 31.32
24.347 PV 32294387.922 1099096.9559 1.874 9.97
26.211 BV 32595900.527 835071.26449 1.891 10.06
26.722 VB 67266470.179 637914.77071 3.903 20. 76
END OF REPORT -for tile: DATA: JKCLT. I 12:02 pm 22 Jun 91
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Table 4C.4 Integration Report for Aerobically
Incubated Creosote Contaminated Soil: 
Formaldehyde Killed Control
Report by Signal
Operator: JANE CURRIE 3 Jul 90
Sample Info : DU11 CONTROL, SECOND INJECTION 
iiisc Info:
Integration File Name : DATA:2JKCDU11. I
Total Ion
Ret Time Type Area Hei ght Area '/. Ratio 7.
3. 820 PV 3038997.9983 114118.66757 0.295 1.47
9. 752 PV B67065S.2232 251261.05550 0. 842 4. 19
10.633 BV 51043060.847 2536638.2989 4.958 24. 63
10.379 VV 27790581.448 1265389.7994 2. 699 13.44
11.911 VV 20401025.293 917181.09153 1.982 9.86
12.097 VV 6597139.5355 192581.69173 0. 641 3. 19
12.244 VV 9999359.8478 351213.12308 0.971 4.83
12.439 PV 7309247. 8324 372227.35843 0. 710 3. 53
12.488 VV 4890377.2995 210022.35907 0. 475 2. 36
12.707 VV 3120454.0149 117921.07030 0.303 1.51
13.295 BV 84394849.457 3845250.5520 8. 198 40. 80
'3.353 VV 5788814.2382 254169.23241 0. 562 2. SO
13.706 PV 39878012.267 1842801.7001 3. 873 19.28
14.540 BV 65880667.026 2825024.0442 6. 399 31. es
'4.695 VV 6444747.2042 189112.55831 O. 626 3.12
14.771 VV 10140952.086 369374.17180 0. 985 4. 90
14.860 VV 6747898.0081 243687.94667 0 . 655 3.26
15.026 VV 7229863.3514 288049.1B074 0.702 3.50
15.132 VV 95B1266.9526 312047.56267 0. 931 4.63
15.696 PV 3006262.8528 104517.02570 0. 292 1.45
15.933 VV 4917107.3443 159906.28631 0. 478 2.38
16.516 VV 16516245.562 477285.08896 1. 604 7.99
16.335 PV 206831201.12 7809905.2933 20.090 100.00
16.933 VV 307279B2.110 1200447.9525 2.985 14.86
17.515 PV 6247461.8462 184332.67404 0.607 3. 02
18.064 VV 8523054.1864 333687.57548 0.828 4. 12
IS.119 VV 11872B76.683 391261.12889 1. 153 5. 74
IS.272 VV 28060553.075 826011.91186 2. 726 13.57
13.361 VB 9865648.9008 242841.12281 0.958 4. 77
13.871 VV 7492997.3520 211985.59850 0. 728 3. 62
19.717 VV 117926231.53 4085477.0653 11.455 57. 02
20.205 VV 75452764.538 2928725.9270 7. 329 36. 48
20.293 VV 30488526.355 748949.90564 2. 961 14. 74
20.646 VV 5775515.8261 117530.22234 0. 561 2.79
21.155 PV 13671256.147 332265.77857 1.328 6.61
21.322 PV 9361993.4702 298813.94870 0. 909 4. 53
21.374 VV 2552098.8188 126349.89063 0.248 1 .23
£ 1 .450 VV 4088869.7238 142557.3B826 0.397 1.98
22.753 VV 6748338.6569 177023.37116 O. 655 3. 26
23.227 PV 23526332.704 491266.19870 2. 285 11.37
23.318 VV 17721884.539 457448.47728 1 .721 8. 57
2 3. 490 VV 9190099.4455 194143.43809 0.893 4. 44
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Table 4C.5 Integration Report for Aerobically
Incubated Creosote Contaminated Soil
Report by Signal
Operator: JANE CURRIE 28 Jun 90
Sample Info : DU# 13 
Mi sc In-fo:
Integration File Name : DATA:JJKC15I. I
Ret T i me
Total Ion 
Type Area Hei ght Area '/. Ratio 7.
12.448 BV 4714281.1872 330366.05528 0. 158 0. 73
13.301 VV 158053623.71 6764932.5040 5.307 24. 54
13.712 PV 85872290.712 3573258.5223 2. 883 13. 33
14.556 BV 173348091.22 7311589.2876 5. 821 26. 52
14.704 VV 18206357.484 472285.07832 0.611 s.es
14.774 VV 24031333.709 1015953.8274 0. 807 3. 73
14.864 VB 16254098.457 669986.98688 0. 546 2. 52
15.024 BV 18932809.644 738526.97348 0. 636 2. 94
15.178 VV 25811362.616 1125829.7288 0. 867 4 . 0115.689 VV 8843251.4094 407476.19542 0.297 1 . 37
15.931 BV 10760637.608 471B97.88126 0.361 1 . 67
16.409 VV 14633573.436 508603.86485 0. 491 2. 27
16.516 VV 65409340.983 1921523.6751 2. 196 10. 16
16.880 PV 644011679.14 15597,805. 951 21.625 100.00
16.961 VV 117213002.39 5092194.9252 3. 936 IS.20
|?.064 BV 33768142.921 1415053.9646 1 . 134 5. 24
17-120 VV 48087962.414 1758562.3727 1. 615 7. 47
.8.278 VV 117273730.39 3411619.1182 3. 933 13.21
18.370 VB 26903105.512 S79428.75745 0. 903 4. 18
13.867 PV 39233181.419 1168715.3816 1.317 6. 09
19.759 VV 446635849.35 12338238.457 14.997 69. 35
20.241 VV 305593440.58 9344126. 9501 10.261 47. 45
20.310 VV 103082060.67 3561559.2695 3. 461 16.01
20.632 VV 26780632.607 646036.84403 0. 899 4. 16
21.156 PV 55365011.220 1583211.2365 1.859 8.60
21.316 PV 55568589.880 1547080.6201 1 . 866 8.63
21.451 VB 14877133.148 550667.96767 0. 500 2.31
22.775 VV 26129868.721 638971.03861 0.877 4. 06
23.395 BV 75785609.472 2373426.3578 2. 545 11 .77
23.464 VV 38753645.207 1446614.8655 1.301 6.02
23.519 VV 98047591.491 2028937.4167 3.292 15. 22
23.740 VV 24047918.051 646665.34370 0.807 3. 73
28.352 BV 1843181.4149 170415.01235 0. 062 0. 29
30.309 VB 54272601.035 537936.26848 1. 322 8. 43
SND OF REPORT for file: DATA:: JJKC15I.I 4:47 pm 23 Jun 90
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Chapter 5
SURFACTANT SELECTION, SCREENING, AND EXTRACTION PERFORMANCE 
WITH CREOSOTE OIL AND CREOSOTE CONTAMINATED SOIL
5.1 Introduction
The goal is to identify a promising surfactant flushing 
candidate as a pretreatment to bioremediation of creosote 
contaminated soil. The approach was to test selected 
surfactants as flushing agents with creosote oil, field 
samples of creosote contaminated soil and laboratory model 
samples of creosote contaminated sand. The surfactants used 
in this work were studied for biocompatibility as described 
in Ch.4.
There were three sequential parts to the experimental 
program. First, the samples of creosote oil and contaminated 
field soil were characterized for composition and amount of 
organic. Second, physical screening tests of surfactant- 
creosote interactions were conducted. These included 
solubilization tests with naphthalene, a determination of 
creosote HLB, and measurement of interfacial tension against 
creosote oil. Third, batch-shaker and column-flow extraction 
tests were performed with promising systems identified in the 
physical screening experiments. Finally, model thin layer 
chr o m a t o g r a p h y  (T L C ) experiments were de v e l o p e d  to
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investigate creosote transport through silica for correlation 
with the bulk extraction results.
Surfactants selected for the physical testing 
experiments constituted a subset of those previously listed 
for biological screening in Table 4.2. The cationic, 
Cetrimide was excluded because of toxicity. The
perfluorochemicals FC-95, FC-98 were excluded because of
their non-biodegradability, high cost and low aqueous 
solubility.
A two-level screening program for the seven surfactant 
types at different high and low variables was designed to 
indicate major trends within and among classes (Box et al., 
1978) . The design is shown in Table 5.1. One additional 
surfactant was added near the conclusion of the study to test 
the developing hypothesis on role of HLB and four others 
added to explore an unusual low IFT-interfacial turbulence 
phenomenon. These additional materials are also included in 
Table 5.1 and designated with an asterisk.
Only one group has published physical information on the 
interaction of surfactants with creosote oil (Sale and Pitts, 
1989) . Interfacial tension was estimated by visual 
observation of falling drop shapes and ranked on a scale of 1 
to 5. A non-deforming drop representing IFT > 0.5 dynes/cm 
was rated 1. This upper IFT value was confirmed by
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Table 5.1 Surfactants Selected for Two-level Screening Design
Surfactant Type Hiqh Variable i Low Variable
MAKON










I G E P A L *
branched alkyl phenol 
ethoxylate
Igepal CA 720*
HLB = 1 4 . 6
Mako n - 1 0
HLB = 13
POLYSTEP












A P G  225*
HLB = 1 3 . 6
A P G  625*
HLB = 12
A P G  325*
HLB = 13
A P G  625*
HLB = 12
AVANEL







potassium linear nonylphenol 
polyether sulfonate
Ralufon -10







n(EO) = 8 
HLB = 1 4 . 1
Neodol 91-6
n(EO) = 6 





n(EO) = 20 
HLB = 1 5
1:1 Tween 80 + 81
HLB = 13
I t a l i c s * designate surfactants added at the end of the study to follow 
up on some unusual observation. n(EO) is the number of ethylene oxide 
groups in a surfactant molecule. HLB's for APG surfactants are 
approximate, as these are not polyethoxylate nonionics. Surfactants 
solutions were evaluated at pH 8 unless otherwise noted.
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measurement on a duNouy ring tensiometer; lower values were 
estimated (Union Pacific, 1988). An elongated string-like 
falling drop reflecting low IFT < 0.02 dynes/cm was rated 5. 
Sale and Pitts reported that a drop shape number of at least 
3-4 signifying IFT of 0.02 - 0.1 dynes/cm was needed for
significant reduction of residual oil saturation. Six pore 
volumes of this type of low IFT surfactant solution (adjusted 
to pH 9-10 and amended with mobility control polymer) reduced 
residual oil saturation after waterflood by 95% in a 
laboratory coreflood and by 67% in a field test cell.
The subjective nature of the described visual drop shape 
tests was deemed inappropriate for acquiring fundamental, 
reproducible data on creosote-surfactant IFT. Original 
research plans had proposed the spinning drop technique, used 
in Ch. 3 for dodecane, to measure the interfacial tension 
between creosote oil and surfactant solutions. The method 
requires that the continuous liquid phase be optically 
transparent to allow microscopic measurement of the droplet 
size of the suspended less dense phase. However, the DNAPL 
nature of creosote coupled with its non-transparent black 
color made the spinning drop method physically impossible: a
surfactant droplet suspended in a capillary tube filled with 
creosote oil could not be observed for measurement.
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To be more quantitative in this work, the pendant drop 
method was selected for IFT measurement. This method has
many advantages over other alternatives, including
simplicity, accuracy, and precision (Ambwani and Fort, 1979;
Patterson and Ross, 1979; Adamson, 1976; Andreas et al., 
1938) . As in the spinning drop experiment, measurements are 
made of specific drop dimensions, but the IFT is calculated 
differently. The differential equation describing the force 
balance on a pendant drop is not analytically solvable; 
instead published tables of drop shape factors from numerical 
solutions are used to find IFT. Additional details are 
provided in the Experimental Methods.
5.2 Experimental
This section reports reagents, equipment, and methods 
used. Where planned or published procedures for the 
creosote-surfactant systems failed or required change, 
justification for the alternate methods is included.
5.2.1 Materials . Samples of neat creosote oil and
creosote oil blended with diesel fuel oil were obtained as 
research samples from a commercial wood treatment facility in 
Denver, Colorado. The original material was collected in a 
plastic bottle and later discarded due to dissolution of the 
plastic container. Fresh samples were collected in the
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summer of 1990 in glass gallon containers from the bottom tap 
of a heated storage tank. At the time of collection the 
samples were nearly hot, about 60 °C. Upon cooling water 
vapor condensed on the glass walls.
The product bulletin described the sample as a low 
naphthalene clean creosote derived from coal tar. The clean 
creosote means that pentachlorophenol was not added. The low 
naphthalene description means that naphthalene is less than 
11 w t % to minimize process line blockage due to 
volatilization and redeposition of naphthalene solids. The 
physical properties are summarized in Table 5.2.
Several contaminated surface soil samples were recovered 
during the summer from the same creosote treatment w orks. 
The most heavily contaminated sample, designated DU#4 heavyr 
was dark brown-black and visibly oily. It was obtained at 
the rail entrance to the wood pressure-treatment tanks. The 
soil was also water wet as a result of rainfall the day 
before sampling. The sample DU#4 heavy was selected for the 
surfactant washing tests because it appeared the most 
challenging and because potential for larger mass changes 
would increase accuracy in gravimetric analysis. The sample 
was stored in a wide mouth glass jar at 0 - 5 °C.
The model soil was pure Silica sand, trademark Granusil 
from Unimin Corp., Emmett Idaho. The sand was dry sieved
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Table 5.2 Physical Properties of a Clean Coal Tar Creosote
Variable ! Analysis
specific gravity @ 38 °C/15 . 5 °C | 1.081
water, % by volume 0.3
xylene insolubles, wt % 1 0.08
distillation, % by weight to 210 °C 0.4
distillation, % by weight to 235 °C 4.1
distillation, % by weight to 270 °C 18 .4
distillation, % by weight to 315 °C 44 . 6
distillation, % by weight to 355 °C 75.2
distillation, % by weight residue 24 .3
specific gravity of fractions , 235 - 315 °C 1.040
specific gravity of fractions , 315 - 355 °C 1.125
naphthalene, % by weight 9.0
limpid point, °C 57 .00
Data taken from product certificate of analysis.
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into three fractions, 30 - 60 mesh, 60 - 100 mesh, and 100+ 
mesh. Model creosote contaminate sand was prepared from the 
30 - 60 mesh fraction corresponding to medium-fine sand with 
a grain size of about 0.60 - 0.25 mm (Fetter, 1988). Before 
use the sand was washed several times with DI water to remove 
fines, filtered, air dried, and oven dried overnight at 100 
°C. It was stored in a sealed glass jar in a desiccator over 
Drierite desiccant.
Thin layer chromatography (TLC) plates were Adsorbosil 
Plus 1-P* # 16326, from Alltech. This is a glass plate
coated with a 250 micron hard layer of silica. The silica 
has been treated with fluorescent indicator for ultraviolet 
visualization. This brand was chosen for the narrow particle 
size distribution of the silica, 80% within 6 - 1 3  microns, 
enabling more efficient resolution. The hard layer was 
chosen in the hope it would not disintegrate in aqueous 
surfactant solution, as silica plates typically are used with 
organic solvents and lose cohesive integrity in water.
Naphthalene was Aldrich Gold Label 99+% pure. Methylene 
chloride extraction solvent was HPLC/GC-MS grade from Fisher 
Scientific. Surfactant samples were received from the 
suppliers previously indicated (see Ch.4); Igepal CA 720 was 
received from Rhone Poulenc. The DI water was from a 
laboratory purification unit, previously described (see
T-4054 331
Ch.3). Sodium sulphate was Baker reagent grade anhydrous 
g r a n u l e s . Magnesium sulphate was Baker reagent grade 
anhydrous powder. Small polymeric acetate beads for falling 
ball viscometry tests were 0.15 cm diameter and 1.34 g/mL 
density, from Engineering Laboratories . Pendant drop 
photographs were taken on Fuji color print film ASA 100.
Laboratory equipment consisted of a Mettler AE 260 
electronic balance, a Buchler Instruments rotary evaporator, 
a Burrell model 75 wrist action shaker, a Labquake rocking 
platform shaker and an improvised rotating cage shaker. 
Access was available within the chemical engineering 
department to a computer interfaced Hewlett Packard 980 GC/MS 
station, and a pendant drop research apparatus. Design and 
operation details are in the methods section 5.2.2. 
Spreadsheet calculations, data regressions, and data graphics 
were done on Macintosh II, Ilsi, and SE/30 computers using 
Excel and Cricket graph software.
5.2.2 M e t h o d s . The experiments using creosote oil, 
field contaminated samples, and prepared model creosote- 
contaminated sand can be categorized as sample preparation, 
sample characterization, physical property testing, and 
extraction performance. They are described in this order.
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Sample p re p a ra t io n . Creosote is a hazardous material, 
as listed in the Federal Register (Federal Register, 1990. 
1989, 1988) . All handling was conducted in a fume hood to
minimize inhalation exposure and wastes were collected in 
glass gallon jugs for professional disposal. Laboratory 
latex gloves were permeable to creosote and not suitable 
except for brief exposure. Nitrile rubber gloves were 
required for dermal protection.
The creosote oil was readily pourable and appeared 
homogeneous, but after laboratory handling at room 
temperature it was discovered to contain a settling solids 
fraction of about 25 - 30 vol %. Because a reproducible 
sample was needed, a stock creosote sample was prepared by 
serial settling and decanting three times to recover a 
homogeneous black fluid with suspended fines. The stock 
creosote oil was mixed every time material was taken to 
ensure a reproducible sample.
The above described stock sample was used for all 
extraction experiments and for later IFT measurements. Early 
IFT measurements used the initial sample of creosote 
designated as old creosote, and a water washed sample of the 
old creosote. The water washed creosote, designated as 
wcreosote, was prepared by liquid/liquid extraction of 100 mL
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creosote in a separatory funnel with three 100 mL aliquots of 
DI water.
The field sample of contaminated soil DU#4 required 
treatment to remove water to obtain a dry sample for 
contaminant quantification by solvent extraction. EPA method 
3540 requires addition of a desiccant such as anhydrous 
sodium sulphate to the wet soil and followed by solvent 
extraction (EPA, 1986). A duplicate sample must then be 
dried 24 hours at 105 °C and the solvent-extracted sample 
corrected for percent moisture determined in the duplicate. 
This was considered unreliable for sample DU#4, as the very 
high water content estimated to be at least 25% would prevent 
consistent sampling. Also, losing semi-volatiles during the 
oven drying step would erroneously increase the value for 
percent moisture.
Instead, a rotary evaporator was used to remove water. 
A measured amount of the wet soil, typically 10 - 20 g, was 
transferred to a 100 mL glass round bottom flask and 
evaporated at 120 - 150 rpm at 50 °C at reduced pressure (22 
inches vacuum equivalent to 201 mm Hg pressure or 0.2 6 atm) 
until constant weight was obtained. This took about two 
hours. The final dry contaminated soil was estimated at 
about 50 - 70 mesh size by visual comparison with known
sieved sands. This particular sample also contained some
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pebbles and wood slivers. The soil was dark brown-black, and 
fairly free-flowing when shaken. Two batches were prepared 
for solvent extraction and for surfactant washing.
Because of subsequent experimental difficulties with the 
field soil sample, specifically to avoid fines release from 
surfactant-washed soils, model creosote contaminated soil was
also prepared. The model contaminated soil, designated
creosand, was prepared from dry 30 - 60 mesh sand in 100 - 
200 g batches. One attempt at a 700 g batch offered no
advantage due to long mixing times and increased vapor 
inhalation exposure.
The dry sand was weighed in a glass beaker, and a 
measured amount of the stock creosote oil added with
stirring. The mixture was stirred for at least 10 minutes 
until well after the blend appeared homogeneous. The sample 
was transferred into a glass jar, sealed with a teflon lined 
screw-cap lid, wrapped in parafilm wax, and shaken on the 
wrist action shaker for 1 hour.
As long as the amount of added creosote oil was below 
saturation the prepared creosand remained homogeneous; 
otherwise some drainage could be observed on standing. All 
prepared creosand samples were below 10 wt% added creosote as 
this loading was observed to coincide with onset of drainage 
for the Granusil sand. Separate combustion analysis of four
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samples of creosands from two different batches yielded an 
average mass balance of 99.3 ± 0.4%, indicating good
homogeneity of the model prepared creosand.
Sample C h a r a c te r iz a t io n .  Density of both creosote oil and 
aqueous surfactant solutions was required to complete the IFT 
calculations. Density was measured gravimetrically in a 
specific gravity bottle previously calibrated with DI water. 
Because the viscosity, blackness, and noxious character of 
the fluid made it physically difficult to manually refill the 
specific gravity bottle identically at constant temperature, 
numerous measurements were made across a range of laboratory 
temperatures and the data regressed using Excel software.
An analysis of residuals was also done to check for bias
or skew in the data (Box et a l ., 1981). The residual is the
difference between observed and model estimated values. 
Since random error was observed the regression equation was 
considered valid and used to generate true values of creosote 
density for IFT calculation.
In the absence of chemical reaction, fluid density 
decreases with increasing temperature, and because the rate 
of change is higher for creosote oil versus aqueous 
surfactant solution, the density difference also varies with 
temperature. Therefore a similar density regression approach
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was used for all surfactant solutions. For dilute surfactant 
solutions the observed linear regression slope of density vs. 
temperature was parallel to that of DI water at ambient
laboratory temperatures. New density regression equations 
were generated from the water slope.and triplicate density 
measurements of surfactant solution at one temperature.
A method for GC/MS analysis of creosote was developed 
from EPA method 8270 for semivolatile organics and procedures 
for PNA analysis reported in the literature (EPA, 1986; Wang 
et a l ., 1990; Aislabie et al., 1989; Mueller et a l ., 1989;
Pereira et a l . , 1988) . The available instrument was a
Hewlett Packard model 980 GC/MS, a low resolution mass
spectrometer equipped with a 25 m low polarity DB-5 capillary 
column. The low resolution spectrometer differentiated 
between compounds of different molecular weight, but could 
not resolve isomers of the same molecular weight. However, 
the superior resolving power of the capillary GC column 
enabled isomer assignment on the basis of retention time.
The instrument package was computer-interfaced and menu- 
driven by operator commands. It had an internally programmed 
calibration sequence and a contained source of calibration 
standard. Calibration was initiated at the beginning of each
set of runs to verify a clean background and sharp
spectrometer response, and repeated every few hours.
T-4054 337
After calibration, 0.1 to 0.2 microliters of a methylene 
chloride solution of the sample was injected using a 1.0 
microliter Hamilton 7001 syringe equipped with a blunt point 
#2 needle tip.
Manual injection is not recommended for quantitative 
analysis, especially for such small liquid sample sizes. 
Initial injections of prepared standard solutions of phenol, 
methylquinoline, and naphthalene showed scatter in the 
calculated response factors of 12 - 100 %. This was
attributed to a combination of error in sample size, variable 
manual injection rates, and volatilization of the sample from 
the needle tip near the hot (280 °C) injector.
Sampling was changed to include a small plug (about 0.2 
microliters) of air between the liquid in the needle and the 
needle tip. The air sandwich technique allowed for contained 
sample expansion near the hot injector and improved 
reproducibility to 1.6 % error. This was considered
sufficient to compare different creosote samples.
Two other process variables affected reproducibility. A 
high split rate of 100/1 for sample injection improved 
reproducibility, probably due to less relative error in 
reproducing the required higher gas flow rates. A high 
intensity spectrum also favored reproducibility in the
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computer-controlled integration, as the contributing error of 
background noise was minimized.
As a practical rule of thumb, solutions containing 3-5 
mg of compound per mL CH 2CI2 gave spectra with excellent 
signal-to-noise ratio. For a 0.2 microliter injection in 
this concentration range using a 100/1 split ratio, the 
actual mass reaching the detector was only 6-10 ng, 
reflecting the high sensitivity of the mass spectrometer 
detector. For a complex mixture such as creosote, about 100 
mg mixture/mL of solvent was sufficient to give clear signals 
for all major components. This much mass of any single 
compound could trigger a failsafe shut down of the 
spectrometer, but the capillary column separated the mixture 
into over 100 compounds that were each detected separately.
Various column heating ramp rates, final column 
temperatures, and blank runs were tested to fine tune the 
method and to ensure no carryover of high molecular weight 
components from one sample to the next. Higher column 
temperatures favored faster elution of PNA components but 
also accelerated column degradation. At 250 °C column bleed 
became significant so this temperature was not exceeded. 
Typical run conditions are in Table 5.3.
The HP-980 output was a chromatogram showing the 
resolved components in order of elution. Using the graphics
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Table 5.3 GC/MS Operating Conditions
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Variable Values







Oven temperature ramp rate









50 °C held 4 min 
4 min 
10 °C/min 
240 °C for 5 min 
480,000 
2 8 min 
18 - 20
The solvent delay of 4 minutes indicates that the mass 
spectrometer detector was turned on 4 minutes into the run 
after the solvent peak had passed through.
interface any peak could be selected and a mass/charge (m/e) 
fragmentation spectrum displayed. The combination of parent 
peak molecular weight together with a characteristic 
f r a g m e n t a t i o n  p a t tern is the basis for chemical
identification of a component by mass spectrometry.
The identification analysis was done by invoking an NBS 
spectral library search and performing a spectral matching 
test. Because the NBS library contained over 43,000 entries 
matching probabilities for the relatively simple creosote
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constituents were usually high at about 90 to 95%. When 
several isomers had equally high matching probabilities, the 
isomer most representative of reported creosote constituents 
was reported.
Because small wood slivers were present in the field 
sample (DU#4) of creosote contaminated soil, determination of 
weight percent contaminant by combustion was not feasible. 
Instead, weight percent organic was found by solvent 
extraction of a prepared dry sample, and contaminant 
composition was investigated by GC/MS of the organic extract. 
Although direct combustion is a less time consuming 
alternative to solvent extraction, the presence of 
adventitious combustible organic matter such as twigs, wood 
fibers, and perhaps humic matter ruled out this method.
About 10 g of dry soil was measured into a 100 mL glass 
round bottom flask and 50 mL methylene chloride was added. 
The sample was attached to the roto-vap stem with a retaining 
clip and spun at 120 rpm at ambient temperature and pressure 
to mix the slurry. The extracted solids were recovered by 
filtration on coarse and fine frit glass filters, and rinsed 
twice with 25 mL methylene chloride. The washed soil was 
rotary evaporated to remove residual solvent and to obtain a 
dry mass. The difference between this final mass and initial 
mass was attributed to creosote contaminant.
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The solvent washings containing dissolved creosote were 
combined for preparation of a sample suitable for capillary 
GC/MS analysis. Magnesium sulphate desiccant was added to 
remove traces of moisture and trap a small amount of released 
fines that had passed through the coarse glass frit filter. 
The liquid was gravity filtered through slow Whatman #5 
paper. Additional solvent was used for quantitative transfer 
to the filter and to rinse the filter paper until the initial 
brown washings became colorless. The combined solvent 
washings were rotary evaporated at 90-120 rpm, 30 - 35 °C, at 
a reduced pressure of about 0.25 atm. The recovered organic 
material was a dark brown-black semi-solid with a faint odor 
characteristic of the stock creosote oil.
The recovered creosote contaminant was characterized by 
GC/MS. A solution concentration of about 100 mg creosote/mL 
was prepared by adding the appropriate amount of methylene 
chloride. An aliquot of the clear dark brown solution was 
transferred into a small glass vial sealed with a teflon- 
lined screw cap. A volume of 0.2 microliters of this 
solution was injected onto the capillary column using the air 
sandwich method. The total ion chromatogram was searched to 
identify the major peaks by molecular weight and mass- 
spectral match.
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Wet creosands recovered after surfactant extraction 
experiments were also analyzed for residual organic. About 
10 - 20 g washed creosand was scooped into a Coors porcelain 
crucible and air dried at about 50 °C to constant weight. 
This took at least 24 hours. The samples were then placed in 
a muffle furnace and burned at 700 °C overnight. The 
combusted sands were re-weighed and the mass loss was 
attributed to residual creosote.
To check this procedure, control unextracted creosands 
were also air dried and combusted at 700 °C overnight. A 
small amount, typically less than a few weight percent of 
creosand, was lost during the air drying step. This mass 
loss was asymptotic with time and levelled out after 24 
hours. Since there was no residual moisture in the starting 
material, this loss was attributed to loss of semi-volatiles 
from the stock creosote. The results from these control 
tests were used to correct the observed mass loss of the 
surfactant washed creosand.
P h y s ic a l p r o p e r ty  t e s t in g .  The original research plan 
assumed that measurement of solubility of creosote and 
various model creosote components such as naphthalene would 
work by EPA method 3510 (EPA, 1986) . EPA 3510 is a 
separatory funnel liquid/liquid extraction of the dilute
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organics from water into an appropriate solvent. Methylene 
chloride is a recommended PNA solvent. After extraction the 
organic phase is separated, dried with a desiccant such as 
sodium sulphate, filtered, evaporated, and recovered for 
gravimetric and/or GC/MS analysis. The individual process 
steps are all well known and conventional laboratory 
practice. This type of technique was used by Mackay (Mackay 
and Shiu, 1977) to measure the aqueous solubilities of 35 
different PNA's in the ppm to ppb range.
However lab tests with several of the candidate 
surfactant solutions showed formation of a third emulsion 
phase that was very difficult to separate. Extra treatment 
steps such as salting out or centrifugation were time 
consuming and still subject to material losses. Because of 
these complications, EPA method 3510 was rejected as a 
general method for the surfactant-solubilized PNA solutions.
An alternative method that seemed feasible was solid 
phase extraction (SPE). This is a relatively new analytical 
technique that has been reported for environmental analysis 
of surfactants and P N A ’s (Castles et a l ., 1989; Baker, J. T.,
1989; Marcomini et al., 1987) . The aqueous solution 
containing dissolved organics is passed at a controlled flow 
rate through a specially surface-modified silica packing. 
The organics are retained and then recovered by back-
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extraction with a more polar solvent such as acetone, 
methanol, or acetonitrile.
However, no methods have been developed for a mixture of 
the surfactants and PNA's. The various surfactants are 
expected to affect the PNA-solid phase support adsorption and 
desorption steps differently. Since a different recovery 
protocol would probably be needed for each creosote- 
surfactant system studied, and since analytical method 
development is not the objective, this approach was also 
rejected.
To circumvent these difficulties, a serial gravimetric 
solubilization experiment was designed. A batch test was 
done to identify appropriate experimental scale. About 100 
mg of model compound such as naphthalene was added to 100 mL 
of surfactant solution in a 125 mL glass erlenmeyer flask. A 
control was also prepared containing the same amount of 
naphthalene in 100 mL sterile deionized water. All samples 
were sealed and shaken for at least six hours on a wrist 
action shaker and then left to stand undisturbed in the dark. 
Light exposure was limited to retard photooxidative 
production of more soluble products.
The flasks were observed on a daily basis until no more 
uptake of solid was apparent. This took about three months 
for the undisturbed samples. Qualitative visual comparison
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among surfactant solutions and control estimated the order of 
magnitude of solubilization. These approximate solubilities 
were then more precisely determined by preparing a series of 
test tubes containing a narrow range of naphthalene solids 
bracketing the estimated solubility.
The method depended on the ability to visually observe 
the transition from a sample containing clear solution of 
dissolved naphthalene to one containing undissolved 
naphthalene solids in excess of the solubility limit. The 
simple design served to reduce experimental errors, but 
random duplicates were included as a check. Figure 5.1 is a 
schematic diagram of the concept.
The mass of naphthalene was measured to four decimal 
places directly into a 20 x 125 mm Kimble glass test tube. 
The typical range was from 5 to 15 mg of naphthalene. All 
glassware was previously acid-cleaned and oven dried. A 
volume of 25.0 mL of surfactant test solution was added, the 
small headspace gently purged with nitrogen to reduce the 
possibility of aerobic biodegradation, and the tube sealed. 
A control tube containing 2-3 mg naphthalene in 25.0 mL DI 
water was also prepared. The control mass loading was three 
to four times the solubility limit of 31.7 mg/1 at 25 °C 
(Mackay and Shiu, 1977).
Figure 5
LkJ AM
14.0 mg 15.0 mg
t
Naphthalene dissolved 
in 25 mL of surfactant 
solution
16.0 mg 17.0 mg 18.0 mg
t
Undissolved naphthalene crystals 
settle in saturated surfactant 
solutions
Naphthalene solubility limit is between 
15.0 and 16.0 mg/25 mL surfactant solution 
or about 620 ppm compared to only 31 ppm 
in H20
. 1 Serial gravimetric solubilization of
naphthalene in a surfactant solution.
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To prevent accidental leakage during rocking the tube 
caps were wrapped with parafilm wax. The tubes were placed 
in a commercial tray shaker and allowed to gently rock 
continuously for two weeks. The alternating rocking platform 
or rotating cage (the latter constructed at CSM) was superior 
to other shaking methods because foam production was 
minimized and solid/liquid contact was enhanced by the 
falling of the crystals back and forth through the surfactant 
solution. The samples were observed on a daily basis to 
follow solubilization progress in the surfactant solutions. 
With the constant rocking this took about 7 - 8  days. A few 
samples were also prepared with stock creosote oil.
A similar method was used to determine the HLB demand of 
creosote oil and to check for differences in surfactant 
wetting behavior. About 200 mg (a few drops) of stock 
creosote oil was added via syringe to a previously cleaned 
and dried 2.4 x 20.5 mm glass tube and deliberately allowed 
to run down the glass wall. A volume of 50 mL surfactant 
solution was added, the small headspace gently purged with 
nitrogen, and the tube sealed with a teflon-lined screw-cap. 
The sample was immediately inspected for evidence of oil- 
glass de-wetting and then the tube was gently tipped back and 
forth to observe the initial dispersion process.
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The samples were then placed in the rotation cage and 
allowed to equilibrate for at least one week. At this time 
the samples were observed for signs of solubilization 
(formation of a clear colored solution), emulsification 
(formation of a turbid or cloudy colored liquid that 
separated on standing), and solids dispersion (dispersion of 
undissolved creosote fines that gradually settled).
Interfacial tensions between creosote and surfactant 
solutions were measured on a research pendant drop apparatus. 
The components were a Nikon FM-2 camera equipped with bellows
(to increase focal length), an ACCESS 70-210 mm zoom macro
lens offering a maximum magnification of 1:4.5, a heated 
sample cell chamber, a micrometer plunger for sample 
extrusion, and SUNPAK Video Light high variable intensity 
quartz halogen light source and a light diffuser film. All 
components were mounted on an optical bench for stability.
The apparatus was originally built for high temperature 
data acquisition so modifications were required for efficient 
repetitive use with hazardous creosote-surfactant systems. 
The heating unit was removed to make room for a glass sample
cuvette, adjustable supports and gaskets for a sample syringe
were designed and machined, a sample cell holder was designed 
and machined, and a digital thermocouple was installed in the 

























Figure 5.2 Schematic Diagram of Pendant Drop Interfacial
Tension Apparatus
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The apparatus did not have the capability for 
temperature control at ambient conditions, but independent 
observation indicated that temperature stability was not a 
problem within the heavy steel sample chamber. Temperature 
was stable to within 1 °C and drift could be suppressed by 
limiting light exposure heating.
A 5 mL BD-Yale plastic syringe was selected for 
dispensing creosote; it was discarded after each experiment 
to prevent cross-contamination. A series of 4 1/2" long 10 
to 24 gauge stainless steel blunt end needles were special- 
ordered (Hamilton Co.) for extrusion of various drop sizes.
The surfactant sample cell was a 3.0 mL capacity 
rectangular optical spectrophotometer cell that was mounted 
in a machined plexiglass holder covered in wax parafilm. The 
wax film was used to provide a traction grip on the glass 
cell and protection from accidental creosote drips on the 
permanent cell mount. The glass cell was scrupulously 
cleaned with water, acetone, and chromic acid between 
surfactant charges to prevent any surfactant or oil cross­
contamination. The reusable stainless steel needles were 
also cleaned in the same manner. The clean cuvette and 
needles were oven dried and stored in a desiccator.
The syringe body was fitted with the support gasket and 
filled with about 1 mL of the well-mixed stock creosote oil.
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The separate needle tip was dipped into the surfactant 
solution and then gently wiped with a kim-wipe tissue to 
remove excess liquid. Pre-coating the needle tip with the 
aqueous surfactant eliminated the occasional problem of 
pendant drop creep. The needle was then attached to the 
syringe body and the assembly inverted to carefully expel air 
while depressing the plunger. It was important to expel any 
trapped air as later expression of an oil-coated air bubble 
would cause oil flow up the needle walls and invalidate the 
internal standard gauge measurement.
The cuvette containing surfactant solution was centered 
in the sample chamber, and the chamber lid put in place. The 
syringe was mounted on the chamber lid with the needle tip 
immersed in the surfactant sample. Lighting, focus and final 
positioning adjustments were made. The needle tip to which 
the pendant drop was attached was in each photograph to serve 
as an internal scale. A creosote droplet was then carefully 
expressed from the needle tip by turning the micrometer 
plunger in contact with the partially withdrawn syringe 
plunger.
Both static and dynamic IFT's (Ross and Morrison, 1988) 
were measured. In static experiments equal volumes of the 
creosote and surfactant solution had been in contact for at 
least two w e e k s . In dynamic measurements the fluids were
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freshly contacted. Because each creosote-surfactant system 
exhibited unique behavior in terms of drop stability and 
shape, several photographs were taken of a series of fresh 
drops for each system. Starting with the initial photo of 
the fresh drop each series spanned at least 10 minutes to 
record aging phenomena.
When unusual droplet turbulence was observed, 
photographs were also taken through two crossed 6 cm x 6 cm 
Polaroid sheets. The first Polaroid was placed in between 
the light source and the sample, and the second Polaroid, 
oriented at 90° to the first, placed between the sample and 
the camera lens. Plane polarized light was blocked by the 
second filter (Giancoli, 1989) . Only polarized light 
scattered by a structured boundary layer at the droplet 
interface passed through to the camera.
Measurements of droplet equatorial and neck diameters 
were made from 150% photocopy enlarged color prints 
Calculations were done using the Excel spreadsheet. An IFT 
was calculated from each photograph and then the sample IFT 
reported as an average with an experimentally determined 
standard deviation.
Calibration was done by measuring laboratory DI water 
surface tension and comparing against the reported literature 
value. A 5 mL no-slip teflon-tipped plunger glass syringe
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(Hamilton gastight # 1005) was used for the calibration
measurements.
Some column extraction experiments produced surfactant- 
creosote effluents of unexpectedly high viscosity. Because 
the liquids were clear or translucent the simple technique of 
falling ball viscometry was used to quantify the differences 
(McCabe and Smith, 197 6). In this method, time is measured 
for a sphere at terminal velocity to fall a specified
distance. Higher viscosity fluids exert a larger retarding
drag force on the sphere decreasing the terminal velocity. 
Depending on the observed velocity various correlations are 
available to calculate the fluid viscosity (McCabe and Smith, 
1976).
The fluid viscosity p. in poise was initially estimated 
from equation (5.1) . This is known as the Stokes viscosity 
because of the slow flow regime.
gDp(Pp-Pi)
18vt (5.1)
The gravitational acceleration is g in cm/sec2, Dp is the 
diameter of the falling sphere in cm, the particle density is 
Pp in g/mL, the liquid density is px in g/mL, and the terminal 
velocity is v t in cm/sec. This equation is applicable for
Reynolds number Re less than 2 defined as
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(5.2)
If Re was greater than 2 but less than 500 then the 
intermediate law for drag coefficients was used, and 
viscosity was found from equation (5.3).
Fluids from column flushing experiments were poured into 
a 2 cm x 68 cm glass column and allowed to thermally
previously reported metal beads (Lenahan, 1989) to reduce the 
relative experimental error in time measurement. Metal beads 
falling through the aqueous test solutions fell so rapidly 
that timing errors became significant.
One plastic bead at a time was dropped down the center 
of the column using an improvised centering funnel. Timing 
was started when the falling sphere had reached terminal 
velocity, typically within the first four cm of liquid. Five 
to ten runs were made for each fluid, and the viscosity 
reported as an average. Some surfactant stock solutions were
.71 2.33
(5.3)
equilibrate. Small plastic beads were used instead of
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also measured for comparison, and DI water viscosity was 
measured to verify method accuracy.
E x t r a c t i o n  e x p e r im e n ts .  Three types of extraction 
experiments and one model transport experiment were 
conducted. Small scale batch extraction of the real creosote 
contaminated soils was done first, followed by medium scale 
pressure-driven flushing extraction of model creosand,
followed by larger scale gravity column flushing of model 
creosand. The model transport experiment was a newly 
developed TLC method. The methods are described in this 
order.
For the small batch extraction tests, about 1 g of the 
dried contaminated field soil was measured into a 25 mL glass 
test tube equipped with a teflon-lined screw-cap. A volume 
of 25.0 mL of a 1.5 wt% surfactant solution was added and the 
sample capped and sealed with parafilm. Very little head 
space was left, minimizing the potential for mixing 
interference by foaming. All samples were prepared in 
duplicate. The control consisted of the same amount of soil 
combined with 25.0 mL of DI water.
Two types of mixing were tried with the rocking platform
and the improvised rotating cage units. The rotating 
platform achieved better slurry mixing with less soil
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sedimentation. Samples were allowed to mix for eight days 
because previous naphthalene solubilization experiments took 
this long to equilibrate.
The test tubes were then stood upright to settle the 
soil. Suspended fines released during agitation of the soil 
required extra steps to ensure quantitative solid/liquid 
separation. The goal of the gravimetric analysis was to 
completely separate supernatant from washed soil, and recover 
all solids (coarse settled soil and released fines) as a 
combined fraction. The difference in mass of the dried 
recovered soil versus the initially weighed amount would be 
attributed to contaminant that had been washed off by 
surfactant.
After a noted time, the supernatant containing dissolved 
organic and soil fines was decanted into a 40 mL teflon 
centrifuge tube. The previously sedimented coarse solids 
were quantitatively transferred with about 40 mL water 
rinsing to another teflon centrifuge tube. Transfer to the 
unbreakable teflon tubes was necessary since one of the glass 
control tubes sheared at the neck at only 20 % power in the 
centrifuge. The additional DI water added to coarse soil was 
to rinse off residual surfactant solution. Both samples were 
centrifuged for 20 minutes at 30% power, with a peak of 7,000 
rpm.
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The clear liquids were slowly gravity filtered through 
Whatman #2 medium paper to recover suspended fines . 
Sedimented fines compacted at the bottom of the supernatant- 
containing centrifuge tube were quantitatively rinsed into a 
pre-weighed aluminum foil pan. The main bulk of coarser
sedimented solids was quantitatively transferred with water 
rinsing into a pre-weighed 100 mL glass beaker. The small 
amounts of fines previously trapped on the filter paper were 
scraped into this larger fraction. The wet soils were air 
dried at 90 - 100 °C until constant weight. Twenty-four hours 
was generally sufficient, depending on how much DI water 
rinsing had been used for quantitative transfers.
To verify the percent residual organic calculated from 
mass lost during surfactant washing, all washed soil samples 
were back-extracted with methylene chloride to measure the 
amount of creosote that had not been extracted by surfactant. 
In this step, the duplicate samples were combined and first 
washed three times with 40 mL aliquots of DI water to ensure 
removal of traces surfactant to prevent emulsification. The 
soils were dried to constant weight, and then 1.5 to 2.0 g 
samples were extracted twice with 40 mL aliquots of solvent. 
The solvent was removed on a rotary evaporator to recover the 
creosote contaminant.
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The pressure-driven creosand extractions were run in 
duplicate or triplicate for each surfactant and for DI water 
control extractions. The model creosands prepared for these 
experiments ranged from 8 to 9 wt% creosote. A measured 
amount of about 20 g creosand was packed tightly into a 60 mL 
glass column equipped with a coarse glass frit. A disc of 
Whatman #2 filter paper was placed over the top of the sand 
to evenly distribute flushing solution. Water aspiration was 
the source of vacuum, yielding a pressure gradient of about 
0.7 a t m .
Two 50 mL aliquots of 3 wt% surfactant solution were 
passed through the creosand in one minute; this corresponded 
to a linear velocity of about 0.24 cm/s for 13.3 pore volumes 
of flushing solution. After the surfactant flushing, six 50 
mL aliquots of DI water were passed through to rinse away the 
surfactant. All washings containing removed creosote were 
collected for disposal. The washed soil was allowed to air 
dry to constant weight . The lost mass was attributed to 
removed creosote.
The percent residual creosote was determined by 
combustion analysis at 700 °C of the recovered sands. In two 
cases the residual percent creosote was also measured by back 
extraction into methylene chloride solvent to confirm the 
combustion method.
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Gravity flushing was done on a larger scale, with about 
90 - 100 g of prepared creosand. Based on the observed
residual creosote of about 3.5 wt% obtained in the DI control 
pressure driven extraction, this level of contamination was 
selected as the initial loading for surfactant flushing. 
Since water flushing even at high flow did not remove 
creosote below this level, any removed creosote under slow 
gravity flow conditions could be attributed to surfactant 
action.
The weighed creosand was added piecewise in three 
portions to a 4 cm x 54 cm glass column fitted with a teflon 
stopcock (open) and plugged with a small amount of glass 
wool. The column was symmetrically tapped with a cork ring 
to consolidate the creosand and after every third portion the 
creosand was packed down with a heavy metal rod. This 
packing procedure was necessary to obtain a reproducible 
model porous medium and prevent flow channeling. The average 
height of packed creosand was 70 - 75 mm.
On top of the packed creosand 10 mL of clean sand was 
layered as a buffer to promote even infiltration of flushing 
solution. A 3 wt% surfactant flushing solution was slowly 
added to the column, displaced air escaping through the 
bottom open stopcock until the liquid front reached the glass 
wool plug. The stopcock was closed and flushing solution
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added above the sand layers to a constant head of 240 mm 
liquid. The column was levelled at right angles to the table 
surface to promote even advancement of the creosote front.
The stopcock was partially throttled to maintain an 
average effluent flow of about 2 mL/min equivalent to a 
linear velocity of 0.01 cm/s. Additional flushing solution 
was continuously fed dropwise from a reservoir mounted above 
the column until a total of 300 mL or 10 pore volumes had 
passed. Then 900 mL of DI water rinse were fed through at 
the same rate. The surfactant-creosote effluent fractions 
were collected in 25.0 ml glass volumetric flasks and weighed 
to follow density as a function of time.
When flushing was completed the stopcock was opened full 
and the column gravity drained to residual water saturation. 
The moist sand was extruded with nitrogen pressure onto a 
sheet of aluminum foil. The cylinder of washed sand was cut 
into four equal portions to inspect the cross-sections for 
signs of uneven flow. Each quarter-section was air dried to 
constant weight and analyzed for residual creosote by 
combustion at 7 00 °C.
The control column flushing experiment was conducted 
identically, with a total flushing volume of 1200 mL DI 
water. Because no creosote appeared to have been removed 
from the creosand, the collected eluant was extracted into
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methylene chloride. To enhance partitioning of the dilute 
organic into the solvent sodium chloride was added to the 
aqueous eluant before extraction.
The liquid/liquid extraction was done in three portions 
of 400 mL each. Each portion was triply extracted with 50 mL 
aliquots of methylene chloride. The organic layers were 
combined, and rotary evaporated at 25 - 27 °C to recover a 
noxious red-brown liquid. The residue was dissolved in a few 
mL of methylene chloride, dried with magnesium sulphate, and 
gravity filtered through Whatman #5 paper to prepare a sample 
for GC/MS analysis.
For the TLC experiments a few drops of stock creosote 
oil, about 40 mg, were dissolved in 1 - 2 mL of methylene 
chloride. The solution was aspirated into a flame-extruded 
glass pipette with a capillary tip. A pencil mark at 1/2 
inch from the bottom of the silica plate located the target 
creosote line. The creosote solution was streaked in one 
continuous motion across the plate taking care not to score 
the silica surface. The solvent was allowed to evaporate 
between applications. After a few initial plates were 
developed, new systems were studied on plates cut to half 
width.
The plate was immersed in a standard glass developing 
tank containing 150 mL of surfactant solution, and covered
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with a glass plate. The level of eluant liquid was just 
below the line of applied creosote. The time for the solvent 
front to reach the top of the plate and the distance 
travelled by the creosote components were recorded. The 
results are reported as Rf values from 0 to 1 where Rf is the 
ratio of distance travelled by creosote to the distance 
travelled by solvent front.
5.3. Results and Discussion
5.3.1 Interfacial Tension. Calculating interfacial 
tension between creosote and various surfactants requires a 
value for density difference between the two fluids. The 
DNAPL creosote had a measured average density of 1.096 ± 
0.003 g/mL at ambient laboratory temperatures of 24.2 ± 1.9 
°C. This average was obtained from eighteen separate 
measurements at different temperatures conducted in random 
order over several months.
Figure 5.3(a) shows a regression line for measured 
creosote density as a function of temperature. Part (b) 
shows a scattered error distribution justifying the use of 
the regression equation in IFT calculations. The regression 
analysis including calculation of standard deviation is in 
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Figure 5.3 Creosote density regression analysis.
(a) laboratory data density vs. temperature
(b) residuals vs. temperature. The residuals 
are the difference between measured and 
regression-estimated density values.
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Figure 5.4 compares density variation with temperature 
for the stock creosote, DI water and two dilute surfactant 
solutions. The relative position and slope of the curves
clearly illustrate the higher density of creosote oil, the 
varying density difference between creosote and surfactant 
solutions, and the similarity between water and dilute
surfactant solutions. Table 5A.2 in Appendix 5A summarizes 
the density regression analyses for creosotes and dilute
surfactant solutions.
IFT was calculated from pendant creosote drops by the 
method of selected planes (Andreas et al., 1938). The
experimentally measured drop parameters were the equatorial 
diameter de and the neck diameter ds measured at a distance de 
from the bottom of the drop. The physical construct is shown 
in Figure 5.5 for an experimentally obtained photograph.
S is defined as the dimensionless ratio of ds/de and was 
used to locate values for the drop shape factor 1/H from 
tables of numerical solutions (Andreas et a l ., 1938; Adamson,
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Figure 5.4 Density vs temperature for creosote, DI water,
and 3 wt% anionic AVA S-150 and nonionic APG 300 
surfactant solutions
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needle diameter d =4.02 cm
needle gauge G = 0.340 cm
scale factor SF = —  = 0.08458d„
neck diameter d =4.45 cm
equatorial diameter d =4.96 cm
de drop = d e xSF = 0.4195 cm
drop shape factor S = — 2- = 0.8972da
from table find —  as f(s) = 0.419H v ’
_ Ap-g-d* _
H
= 72.0 9 dynes / cm
Y = - IL-^— - = (o.9969g / cm3)(98 0.6 65 g • cm / s2)(0.4195 cm)2 (0.419)
Figure 5.5 Pendant drop of DI water in air showing
equatorial diameter de and neck diameter ds used
to calculate interfacial tension Y.
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acceleration. An example of the pendant drop IFT calculation 
is included in Figure 5.5.
The first pendant drop measurements of creosote/aqueous 
surfactant IFT are summarized in Table 5.4 in descending 
order from the highest value of 19.78 dynes/cm with DI water 
to the lowest value of 0.19 dynes/cm with APG 300. Appendix 
5A contains all supporting data in Tables 5A.3 to 5A.35.
The average DI water IFT of 72.05 ± 0.52 dynes/cm at
25.4 °C agreed well with the corresponding literature value 
of 72.03 dynes/cm (CRC, 1985-1986). The percent error was 
only +0.03 %. This result confirmed the accuracy of the
experimental method.
The IFT for creosote/water systems ranged from 19.78 ± 
0.97 dynes/cm for a dynamic system at 25.5 °C to 11.18 ± 1.33 
dynes/cm for an equilibrated system at 28.0 °C. The upper 
value is consistent with a previously reported value for coal 
tar of 22 dynes/cm at 22.2 °C (Villaume, 1984) . The lower 
value of 11.18 dynes/cm for the equilibrated sample of water 
washed creosote is closer to the value of 15.4 dynes/cm 
reported for a weathered field sample of creosote (Union 
Pacific, 1988). Equilibration generally decreases IFT.
The results in Table 5.4 are grouped in three ranges:
IFT values above 10 dynes/cm, those less than 10 but greater
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3 DI water/air surface tension calibration 25.4 72.05 0.52
4 stock creosote/DI water, D ! 25.6 19.78 0.97
5 w creosote/DI water, S ! 28.0 11.18 1.33
6 Neodol 91-6 ph 8/ stock creosote, D 12.5 26.0 9.09 k 0.67
7 Neodol 91-8 ph 8/ stock creosote, D 14.1 27.0 6.09 k 0.98
8 Tween 80 ph 8/ stock creosote, D 15 26.7 5.20 0.23
9 M12ph 8 creosote sat'd/stock creosote, D 14 22.3 4.27 1.76
10 M10 ph 8/w creosote, D 13 24.0 3.67 k 0.93
11 RN-10 ph 8/ stock creosote, D - 26.1 2.69 0.14
12 M12 ph 8/stock creosote, D 14 23.5 2.49 1.41
13 RN-6 ph 8/ stock creosote, D - 26.1 2.29 0.09
14 AVA S-70 ph 8/w creosote, D - 22.5 2.10 0.15
15 AVA S-150 ph 8/w creosote, D - 19.8 2.09 0.24
16 Igepal CA 720 ph 8/stock creosote, D 14.6 23.1 2.08 0.65
17 AVA S-150 ph 8/w creosote, D - 27.0 1.98 0.10
18 M10 ph 6.6/w creosote, S 13 28.5 0 .94 0.04
19 APG 625 ph 8/stock creosote, D 12 23.5 0.93 * 0.08
20 M10 ph 6.6/old creosote, S 13 27.0 0.79 0.07
21 M10 ph 8/old creosote, S 13 29.0 0.75 0.03
22 PA7 ph 10/w creosote, S - 28.8 0.75 0.06
23 PA7 ph 8/w creosote, S - 28.8 0 .73 0.02
24 PA7 ph 8/w creosote, S - 19.0 0 .72 0.05
25 M10 ph 6.6/old creosote, S 13 28.5 0 .72 0.01
26 M10 ph 8/w creosote, S 13 28.5 0 .70 0.06
27 M10 ph 8/w creosote, S, new sample 13 18.5 0.23 0.06
28 APG 225 ph 8/stock creosote, D 13.6 22.9 0 .62 0.07
29 PA7 ph 8/w creosote, D - 22.0 0.60 0.05
30 M10 ph 8/old creosote, S, new sample 13 20.0 0 .27 0.01
31 APG 325 ph 8/stock creosote, D 13 22.6 0.41 * 0.04
32 APG 300 ph 8 creosote sat'd/stock creosote, D 13 23.3 0.31 * 0.06
33 APG 300 ph 8/w creosote, D 13 23.0 0.25 * 0.03
34 APG 300 ph 8 1.5 wt%/stock creosote, D 13 25.6 0.25 * 0.06
35 APG 300 ph 8/ stock creosote, D 13 25.8 0.19 * 0.02
Old creosote was the original sample recovered in a plastic bottle. W 
creosote was a water washed sample of the old creosote. Stock creosote 
was a fresh sample collected in glass and serially decanted to separate 
solids. Surfactants were 3 wt% solutions unless noted otherwise. D 
designates a dynamic measurement in which creosote and surfactant 
solution were freshly contacted. S designates measurement of an 
equilibrated (static) system. # designates the table number in Appendix 
5A were supporting data is listed. * designates interfacial turbulence 
attributed to spontaneous emulsification and k designates a kicking 
drop. - designates an anionic surfactant with effective HLB exceeding 
the theoretical maximum of 20.
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than 1 dyne/cm and IFT values less than 1 dyne/cm. Although 
all the surfactants decreased IFT none achieved ultralow 
values of less than 0.01 dynes/cm at the conditions tested.
Referring to the model capillary number calculations 
presented in Table 2.10, it is apparent that higher than 
normal flow gradients would be required to achieve bulk 
creosote displacement from soil with simple surfactant 
flushing solutions. Otherwise surfactant mixtures or 
additives such as alcohol cosurfactant would need to be 
evaluated in ultra-low IFT regimes.
Figure 5.6 shows the corresponding creosote pendant drop 
shapes in water and decreasing IFT surfactant systems. The 
trend is away from large almost spherical drops towards 
medium pear shaped drops towards small almost linear drops. 
The relatively higher standard deviations were obtained for 
higher IFT systems in which the pendant droplets were more 
spherical, and in certain nonionic systems exhibiting rapid 
drop dissolution. Measurement errors in ds were exaggerated 
in more spherical systems due to higher curvature in the neck 
region.
As a group the nonionics in Table 5.4 generally showed 
lower IFT values than any of the anionics tested, but there 
was no correlation with either HLB or structure. Examination 
of data Tables 5A.6 to 5A.35 in Appendix A also shows that
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(c)
Figure 5.6 Pendant drop shapes, observed average IFT, and
needle gauge number for (a) creosote/water,19.78 
± 0.97 dynes/cm, G#10 (b) creosote/AVA S-150,
1.98 ± 0.10 dynes/cm, G#16 (c) creosote/APG
300, 0.19 ± 0.02 dynes/cm, G#22. In (c) the 
droplet boundary is partially blurred by 
spontaneous emulsification.
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the dynamic nonionic IFT's were less stable over time than 
the anionic systems. High standard deviations, such as for 
Makon 12 (entry #9 of Table 5.4) coincided with apparent drop 
dissolution within the time scale of data acquisition (10 
seconds to one hour).
Results in Table 5.4 for anionic PA7 and nonionic M10 
IFT's were the same order of magnitude as reported by Union 
Pacific for 3 wt% solutions without added base (Union 
Pacific, 1988, 1987) . The effect of pH from 6.6 to 10 was
not apparent or separable in this work from experimental 
error; no advantage to higher pH values was observed. The 
reported ultralow IFT's at high pH's (Union Pacific, 1988, 
1987) may have been a result of the non-equilibrium nature of 
the falling drop shape experiment, electrolyte concentration 
effects, and presence of reactive weathered PNA constituents 
in addition to pH, which was attributed as the cause. 
Temperature effects on the measured PA-7 and M10 IFT's were 
also minor and within the IFT standard deviations for the 
small ranges tested (5 - 10 °C ) .
Static IFT's measured with equilibrated samples of PA-7 
and M10 were expected to be stable and reproducible. This 
was observed for anionic PA7 but not for the nonionic M 1 0 . 
The pendant drops were physically stable, but different 
samples of the same equilibrated fluids gave rise to
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unexpectedly lower IFT's at lower temperatures (entries #2 6 
and #27, and entries #21 and #30 of Table 5.4). The presence 
of an opaque emulsified phase required centrifugation to 
obtain an optically clear solution for photography; variation 
in sampling from such separated systems was the probable 
cause of error.
The lowest IFT value observed in this work was a dynamic 
IFT of 0.19 ± 0 . 0 2  dynes/cm for the glycolipid APG 300 (Table
5.4 entry #35) . This value was comparable with the lowest 
observed equilibrated IFT of 0.23 ± 0 . 0 6  dynes/cm for M10 
(Table 5.4 entry #27). Lowering the concentration from 3 wt% 
to 1.5 wt% surfactant still yielded a comparably low IFT of 
0.25 ± 0.06 dynes/cm (Table 5.4 entry #34) . At this
concentration the nonionic alkyl polyglycoside is still two 
orders of magnitude above its CMC of 0.031 wt% (Henkel,
1989) .
These observations suggest biosurfactant type glycolipid 
structures may be promising for recovery of PNA's by tension 
reduction mechanisms. Other structures in the APG series 
also gave dynamic IFT values of less than 1 dyne/cm, 
suggesting there may be some specific interaction between the 
creosote and the glycolipid. Since other nonionic 
surfactants contained the same hydrophobe, the structure of
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the carbohydrate head group must be responsible for the 
effect.
The physical behavior of the APG systems was unique. 
Upon contact there was immediate interfacial turbulence. 
Small volcano-like instabilities formed convection cells and 
currents that streamed away from the drop and downwards, 
suggesting formation of an intermediate density phase. The 
drops were themselves very unstable, and tended towards 
linear cylinders rather than the classic pear shape. Small 
gauge #22 needles were required to obtain data, as larger 
volume drops immediately detached. Photography was difficult 
as the interfacial turbulence interfered with focusing.
The recovered sample cell containing APG surfactant 
solution and fallen creosote drops contained a bottom layer 
of finely divided black droplets covered by an opaque dull 
yellow emulsion layer. The supernatant surfactant solution 
was still clear. In contrast, other surfactant systems 
yielded one large coalesced creosote drop under a clear 
surfactant solution. Usually there was a slight yellowing of 
the solution in the vicinity of the drop, suggesting that 
solubilization was occurring, albeit slowly.
Figure 5.7 shows a creosote/APG system photographed with 
and without cross Polaroids. The birefringent boundary layer 





Pendant drop shapes for creosote/APG 625 for 
(a) white light photograph and (b) cross 
polarized photograph showing birefringent 
boundary layer. The transparent background 
solution appears black.
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solution interface. The effect was most sharply visible in 
the APG 625 system, where higher solution viscosity retarded 
diffusion of the new boundary phase into bulk solution. The 
effect was most rapid and voluminous in the APG 300 
experiments.
The interfacial turbulence phenomenon has been observed 
for other nonionic and anionic systems, and is thought to 
reflect spontaneous emulsification (Benton et al., 1986; 
Raney et a l ., 1986; Raney et al., 1985; Ghosh and Miller,
1984). Ultralow IFT's are not a prerequisite and spontaneous 
emulsification has been reported for IFT's greater than 1 
dyne/cm (Ruschak and Miller, 1972).
In the absence of ultralow IFT, the mechanism of 
spontaneous emulsification has been described as a diffusion 
and stranding phenomenon (Ruschak and Miller, 1972) . The 
driving force is a chemical rather than mechanical 
instability: diffusion produces regions of local
supersaturation which may undergo phase transformation to 
form emulsion droplets.
Evidence favoring this interpretation is that the 
amplitude and rate of interfacial turbulence were visibly 
decreased in the viscous APG 625 surfactant solution. The 
viscosity of this surfactant solution was 150 cp (Table 5.14) 
or about 100 times greater than other surfactant stock
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solutions at about 1.5 c p . The same type of boundary layer 
formed at the creosote/surfactant solution interface but 
convection into the bulk fluid was much slower presumably due 
to the increased viscosity.
Other possible causes of the interfacial turbulence are 
chemical reaction and the Marangoni effect. It is possible 
that the nitrogen bases in creosote reacted with the 
carbohydrate head group to form transient imine surfactants. 
Analogous to the transient IFT-lowering observed in caustic 
flooding (Rubin and Radke, 1980), this reaction could also 
initially depress the IFT. When produced surface active 
agents diffuse away from the interface or react further to 
form less interfacially active materials the IFT increases.
The IFT observed for the same APG 300/creosote system in 
which the surfactant solution was pre-saturated with creosote 
was indeed higher at 0.31 ± 0.06 dynes/cm at 23.3 °C .
Immediate interfacial turbulence was still observed although 
to a lesser degree. The higher IFT value may indicate that 
the lower dynamic value was a transient minimum. However, 
since the increase over the dynamic IFT of 0.19 ± 0.02 
dynes/cm at 25.8 °C was small and possibly confounded with 
temperature effects it is not possible to confirm or reject a 
reaction and diffusion process from these limited data. 
Since the pH 8 surfactant solution and ambient temperatures
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were not optimal conditions for transient imine formation 
(Allinger et a l ., 1911), the reaction probability was low.
Further investigation including measurement of IFT as a 
function of time and chemical analysis would be needed to 
confirm or refute the reaction hypothesis.
The Marangoni effect occurs when there are local 
concentration variations of interface-adsorbed solute causing 
longitudinal variation in interfacial tension (Ross and 
Morrison, 1988) . Such variation in interfacial concentration 
can occur during diffusion across the 0/W interface. 
According to the Laplace equation in which pressure, IFT and 
radius are related, a change in IFT at constant radius 
induces a change in pressure. This pressure fluctuation can 
produce drop kicking and instability (Ostrovsky and 
Ostrovsky, 1982; Haydon, 1957; Haydon, 1955). In principle, 
this could occur when a droplet of creosote containing many 
different PNA's is suspended in an aqueous surfactant 
solution and diffusion across the interface creates regions 
of varying interfacial tension.
In a discussion of interfacial turbulence and the 
Marangoni effect, Sternling and Scriven (1959) list several 
factors which promote the phenomenon. These include (1) 
solute transfer out of the phase of higher viscosity, (2) 
solute transfer out of the phase in which its diffusivity is
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lower, (3) large differences in kinematic viscosity and 
solute diffusivity between the two phases, (4) steep 
concentration gradients near the interface, (5) low 
viscosities and diffusivities in both phases,(6) interfacial 
tension highly sensitive to solute concentration, (7) 
interfaces of large extent, (8) absence of surface active 
agents. The last condition, also reported by others (Haydon, 
1955) would argue against the Marangoni effect in the 
creosote/surfactant solution experiments unless chemical 
reactions were occurring.
Drop kicking or pulsing implicating the Marangoni effect 
was not observed in any of the APG systems, but in three 
other nonionic experiments, entries #6, #7, and #10 in Table
5.4. These other nonionics were aliphatic Neodol 91-8 and 
91-6 ethoxylates and an alkyl phenol Makon 10 ethoxylate. 
Although adsorbed surfactant is generally thought to 
normalize IFT across the liquid/liquid interface thereby 
suppressing local tension variations, apparently localized 
interaction in these systems gave rise to pressure 
fluctuations sufficient to make the drop kick. The 
relatively high standard deviation in these same systems 
reflects an observed decrease in IFT with time consistent 
with a changing interfacial environment.
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The discovery of two different non-equilibrium  
phenomena, spontaneous emulsification and drop kicking, 
demonstrates the sensitivity of a DNAPL contaminant to 
surfactant structure. Oil recovery efficiency depends on 
many variables including extent of equilibration between 
phases and the nature of nonequilibrium phenomena that occur 
(Raney, Benton and Miller, 1985). Oil recovery efficiency 
has recently been experimentally correlated with dynamic IFT 
values (Taylor and Schramm, 1990; Taylor, Hawkins and Islam,
1990). Enhanced rates of pendant drop dissolution have been 
experimentally correlated with drop pulsation rates via 
increased mass transfer coefficients (Ostrovsky and 
Ostrovsky, 1982) . Thus IFT-lowering phenomena and
contaminant dissolution kinetics should be considered jointly 
in future modeling and design of in-situ flushing.
5.3.2 Solubilization . Naphthalene was used in the 
solubility tests as it is a major component of creosote and 
its solubility in water of 31.7 ppm (Mackay and Shiu, 1977) 
was suitable for the experimental scale employed. Surfactant 
solutions dissolved ten to thirty times more naphthalene than 
the DI water control. Since substrate availability is 
thought to be the rate limiting factor in biodegradation of 
PNA's, one potential benefit of a surfactant wash is a ten to
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thirty fold biodegradation rate enhancement. Table 5.5 
summarizes the batch solubility estimates for four of the 
candidate surfactants in 3 wt% surfactant solutions.
Table 5.5 Observed Naphthalene Solubility in Anionic and 











DI water control 101.6 97 % 31
PA-7, anionic 102.9 5 % 980
M-10, nonionic 101.7 10 % [ 920
AVA S-150, anionic 100.5 20 % 810
APG 300, nonionic 100.8 40 % i 610
Surfactant solutions were 3 wt%. The % undissolved solids was estimated 
relative to the observed mass of undissolved crystals in the control 
sample. This amount was calculated to have been 98.5 mg from the 
literature value of 31 ppm for naphthalene solubility at 25 °C
These approximate solubilities were then more 
quantitatively determined for a larger group of surfactants 
by the serial gravimetric method previously described. Table 
5.6 summarizes the results, in which the samples are ordered 
according to decreasing naphthalene solubilization. Data 
were included for naphthalene solubilization by SDS, an 
anionic surfactant that other workers in soil flushing have
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recently studied as a model system (Gannon, 1988; Wayt and 
Wilson, 1989; Jafvert and Heath, 1991; Jafvert, 1991).
The twenty to thirty-fold solubility enhancement for 3 
wt% surfactant solutions was confirmed, and a ten to twenty­
fold solubility enhancement observed for the 1.5 wt% 
solutions. Although the range in estimated solubility 
enhancement factor for a given system was broad, an average 
of ± 65 ppm, the serial gravimetric method was able to 
demonstrate order of magnitude solubility enhancement over DI 
water control, rank different surfactant types, and assess 
the effects of surfactant concentration.
Over seventy samples were prepared, equilibrated, and 
inspected, and no anomalies were observed: there was never a
case in which a tube containing a higher mass of substrate 
showed complete dissolution while its serial neighbor 
containing less mass still contained undissolved solids. The 
naphthalene solids were shiny white angular platelets about 1 
to 3 mm long and clearly visible in controls throughout the 
experiments.
The key to interpreting the solubility results is the 
surfactant CMC, with superimposed chemical effects. For a 
given surfactant the amount of dissolved substrate depends on 
the number of surfactant micelles present and solubilization 
varies linearly with surfactant concentration above the CMC
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PA-7 - 2 2 . 8< S <24 .8 912-992 952 30
M10 13 2 0 .4< S <24 .8 816-910 863 27
APG 300 13 15.1< S <21.6 604-864 734 23
SDS* - 520 16
1.5 wt %
solutions
M12 14 17. 5< S <19.6 700-784 742 23
Neo 91-6 12.5 15. 7< S <21.2 628-848 738 23
IGE CA 720 14 . 6 16.4< S <19.7 656-788 722 23
M10 13 15. 5< S <20.1 620-804 712 22
Tween 80 15 12.4< S <15. 9 496-636 566 18
RN-6 - 11 . 6< S <14 .7 464-588 526 17
PA-7 — 11. 6< S <13.8 464-552 508 16
Neo 91-8 14 10. 8< S <14.0 432-560 496 16
RN-10, - 10. 5< S <14.3 420-572 496 16
AVA S-70 — 10. 3< S <14 .0 412-560 486 15
AVA S-150 — 7 . 4< S <10.1 296-404 350 11
APG 325 13 7 . 1< S < 9.1 284-364 322 10
APG 300 13 7 . 1< S < 8.0 284-320 302 10
SDS* — 268 8.5
DI water lit. value at
control IIo°LOCM 31.7 1
mg N designates mg naphthalene. Saverage values were calculated 
as the arithmetic midpoint in the observed solubility range 
S. SDS* designates sodium dodecyl sulphate for which data 
was taken from Gannon (1988). The enhancement factor is the 
ratio of naphthalene solubility in surfactant solution to 
solubility in DI water control. The average lab temperature 
was 22 ± 2  °C. Anionic surfactants are indicated by -.
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(Rosen, 1989) . Since nonionics generally have lower C M C ' s 
than anionics (Ch. 2) the higher solubility enhancement with 
the nonionics may be due to the larger number of micelles in 
solution. Although the surfactants used were commercial 
materials that are not single compounds with discrete, sharp 
CMC's, a comparison of the CMC values for the structure types 
generally supports the experimentally observed ranking in 
Table 5.6. The CMC values are shown in Table 5.7.
Table 5.7 Critical Micelle Concentration, CMC, for
Representative Nonionic and Anionic Surfactant 
Types.




nonyl phenol ethoxylate C 9- (C6H 4 ) -EO10 7.5 x 10~5 a
alkyl sorbitan ethoxylate 
Tween 80
Ci8~ (C6H 12O 6) -EO20 3 x 10~ 5 b
alkyl ethoxy sulfonate, 
AVA S-150 Cl2-15“EOl5-S03
9.0 x 10" 4 c
alkyl ethoxylate, 
Neo 91-6, Neo 91-8
C 1 0-EO6
C1 0-EO8
9.0 x 10" 4





Cicr (C6H 12O 6) 
Cio~ (C6H 12O 6 ) x
2 . 2  x 1 0 " 3 
9.6 x 10“ 4
a
d
alkyl sulfate, SDS C 1 2-OSO3 8 . 2  x 1 0 " 3 a
Data sources were (a) Rosen, 1989 (b) ICI Americas, 1991 (c) PPG, 1989
(d) Henkel, 1989.
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Examination of data in Table 5.6 shows an increase in 
solubilization at the higher surfactant concentration of 3 
wt% compared to 1.5 wt% solutions, with SDS again showing the 
smallest enhancement over DI water control. This is 
consistent with the micellar solubilization model, and
suggests that addit i o n a l  increases in surfactant
c o n c e n t r a t i o n  could yield still higher solubility
enhancements, until some threshold for phase separation was 
reached.
In addition to the number of micelles available for 
naphthalene solubilization, the chemical nature of the 
micelle will also affect solubilization extent. As 
previously shown in Figure 2.5, an organic substrate may 
sequester with the hydrophobic tails in the interior of a 
surfactant micelle, with the palisade region between the
tails and head group, and with the surfactant head groups on 
the micelle surface. The relative availability of these 
three micellar environments in different surfactant types 
also affects solubilization.
Non-polar aliphatic hydrocarbons partition to the 
interior of anionic and nonionic surfactant micelles. More 
polarizable aromatic hydrocarbons will also partition to the 
interior of anionic micelles, but preferentially associate 
with the polyoxyethylene environment of the palisades region
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in nonionic micelles (Rosen, 1989; Hiementz, 1986; Saito and 
Shinoda 1967) . Since the physical volume of this near­
surface region is larger than the interior core of the 
micelle a nonionic surfactant can generally solubilize more 
organic than its anionic counterpart. Thus increasing the 
degree of ethoxylation should increase the amount of micellar 
palisade environment and increase PNA uptake unless this 
effect is offset by a corresponding increase in CMC.
Recognizing that both number and type of micelles are 
important for PNA solubilization helps rationalize the 
observations of Table 5.6. Considering the 1.5 wt% 
solutions, the highest solubilization enhancement of 23 was 
observed for a group of nonionics of HLB 12.5 - 14 containing 
an intermediate degree of ethoxylation. Increasing the
surfactant hydrophilic character by further increasing 
ethoxylation (Tween 80) , or adding free hyroxyl groups 
(APG's), or adding an anionic head group (RN-10, RN- 6 , AVA
70, AVA S-150, PA-7, SDS) decreased the solubility
enhancement. This may reflect the increased CMC of the more 
water soluble surfactants and decreased amount of preferred 
micellar polyoxyethylene palisade environment for naphthalene 
solubilization.
These results suggest that the surfactant hydrophile- 
lipophile balance (HLB) is an important variable, and that
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optimum or near optimum solubilization with nonionics may be 
obtained by matching the surfactant HLB with the substrate 
HLB demand. From Table 5.6 suggest the HLB demand of 
naphthalene at ambient temperatures is between 12.5 and 14.6. 
The HLB demand of creosote is unknown, but since naphthalene 
is a major representative component it is likely that the 
optimal HLB for creosote will be similar.
The serial test tube solubility method was also tried 
for creosote oil. Samples containing progressively larger 
amounts of added creosote were progressively darker yellow 
(indicative of creosote uptake) but even in the lowest mass 
samples some residual undissolved oily material would remain. 
Thus it was not possible to "titrate" the creosote mixture 
into the surfactant solution as preferential solubilization 
occurred.
The observations are summarized pictorially in Figure 
5.8 for a series of tubes each containing a constant amount 
of creosote (200 mg) in 50 mL of different surfactant 
solutions. The differences in degree of solubilization, 
emulsification, dispersion, and oil de-wetting were striking.
Solubilization in this context means formation of a 
clear, colored, isotropic one phase non-viscous solution. 
Emulsification means formation of a turbid or opaque two 




B HLB = 1 2 . 5
C HLB = 13
D HLB = 14
E HLB > 14
F HLB > 15
B
200 mg stock creosote oil in 50 mL clear, 
colorless DI water
13 Opaque viscous tan emulsion over 
undissolved creosote oil with APG 325,
APG 300, Neodol 91-6.
Opaque/translucent viscous tan fluid 
showing streaming birefringence, with 
Makon 10.
Crystal clear tea brown solution, with 
Makon 12, Neodol 91-8, Igepal CA-720.
Turbid buff-yellow thin emulsion over 
undissolved creosote oil, with RN- 6 , RN-10, 
AVA 70, AVA S-150.
Clear orange solution over undissolved 
creosote oil, with Tween 80, PA-7.
Figure 5.8 Solubilization of creosote oil by 1.5 wt% 
surfactant solutions of various HLB values
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refers to the suspension of liberated coal ash fines, and oil 
de-wetting refers to the displacement of oily creosote 
streaks from the test tube glass walls.
The optimum surfactant HLB of 14 was discovered when 
nearly all the creosote dissolved in less than ten minutes to 
give a crystal clear tea-brown mobile liquid in Neodol 91-8. 
After standing one to two weeks a dusting of black fines 
(presumably coal ash) would settle to the bottom of the tube. 
The produced concentrations of dissolved creosote were about 
4000 ppm in the 1.5 wt% surfactant solutions and about 8000 
ppm in the 3 wt% solutions at this optimum HLB. This was a 
twenty to forty fold solubility enhancement over the observed 
maximum creosote concentration in water of about 200 ppm 
(Turney and Goerlitz, 1990) and consistent with the order of 
enhancement observed for pure naphthalene solubilization.
The transition from the HLB 13 cloudy viscous fluid with 
M10 to the M12 HLB 14 solution illustrates the phenomenon of 
nonionic cloud point lowering due to dissolved organic 
(Shinoda and Kunieda, 1983; Saito and Shinoda, 1967). This 
phenomena must be anticipated in developing a flushing 
solution using nonionic surfactants.
The reported cloud point for Makon 10 is 52-56 °C 
(Stepan, 1989) above which the nonionic surfactant becomes 
too hydrophobic to stay dissolved in water. Solubilization
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of hydrocarbon in the micelle interior and palisade region 
can decrease the effective hydrophilicity of a surfactant and 
initiate the clustering of large asymmetric micellar 
aggregates at progressively lower temperatures (Bedo and 
Lakatos, 1987; Saito and Shinoda, 1967). The increased 
micelle size preceding phase inversion often causes viscosity 
increases and increased turbidity. If these phenomenon were 
occurring in the creosote/MIO system, the cloud point was 
effectively lowered by about 30 °C from 52-56 °C to ambient 
laboratory temperature of about 22-26 °C. Such flushing 
solutions would be undesirable in situ due to the increased 
tendency to phase separate and adsorb to porous media.
The Makon 12 surfactant contains on average just two 
more moles of ethylene oxide per surfactant molecule than 
Makon 10 and has a higher cloud point of 80 - 82 °C (Stepan, 
1989). This increase in surfactant hydrophilic character was 
just sufficient to maintain clear mobile isotropic solutions 
even after creosote uptake. Even if creosote solubilization 
depressed the cloud point by 30 °C the produced solution could 
still retain its homogeneous fluid properties at ambient 
temperatures. This should be sufficient for most conditions 
of field use, and still permit treatment of produced fluids 
by thermally induced phase separation.
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The solubilization and cloud point phenomenon can be 
represented graphically, as shown in Figure 5.9. Below the 
solubilization curve the surfactant has a limited uptake of 
oil and a two phase system of aqueous solution and excess oil 
is observed. Increasing temperature increases oil
solubilization yielding a one phase isotropic oil-in-water 
solution. Continued temperature increase decreases the 
hydration of the nonionic ethoxylate groups and the 
surfactant becomes less water soluble (Rosen, 1989; Bedo and 
Lakatos, 1987). At the cloud point phase separation occurs 
as the surfactant partitions into the oil phase: its
effective HLB has been lowered below 10 at the higher 
temperature.
There were some subtle differences in the creosote- 
surfactant interactions that enabled further refinement of 
the optimum HLB surfactant. Neodol 91-8, a linear aliphatic 
ethoxylate of HLB 14 produced a clear brown solution but a 
few thin patches of oily residue remained on the test tube 
wall, suggesting incomplete oil de-wetting. Some other 
surfactants, whether forming emulsions or solutions of 
creosote were still able to clean the glass walls of oily 
residue. This behavior would be desirable in minimizing 
residue adsorbed to soil during a surfactant flushing 
process. Oily residue on a clean smooth silica glass wall
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2 phases or 
coarse emulsion
W/oTemp




o j|+  w a te rs  s u rfa c ta n t
<yw solubilised+oil
<■ — ,   — ------------
w t fra c tio n  of oil
(b)
Figure 5.9 Solubilization and phase behavior for nonionic 
surfactants (a) phase behavior diagram for a 
10 % surfactant solution with S designating a 
concentrated surfactant phase (Overbeek et al.,
1983). (b) conceptual representation of
solubilization and cloud point curves (Tadros,
1984).
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may forecast more severe problems in a real heterogeneous 
porous medium.
The other surfactants APG 300, Makon 10, PA 7, and Tween 
80 all gave clean glass walls, whereas both Neodols, both 
Avanels, and both Ralufons left varying small amounts of wall 
residues. An improved optimum was then obtained by choosing 
HLB 14 surfactants from the groups with favorable wetting 
characteristics. Makon 12, the next higher homologue to 
Makon 10 (HLB 13) in the alkyl phenol polyethoxylate series, 
and Igepal CA 720, a branched alkyl phenol ethoxylate, both 
rapidly produced a crystal clear dark brown creosote solution 
with no traces of oily residue adsorbed to the glass walls.
This observation is encouraging for solubilizing oily 
contaminants in that once an optimal HLB is determined, a 
variety of materials may be considered to fine tune the 
process. Unfortunately, HLB 14 samples of APG and Tween 
surfactants are not commercially available. These or other 
aliphatic surfactants would be desirable since unlike the 
Makons, their biodegradation would not release toxic phenolic 
residues However, this may not be a problem to a microbial 
consortium already acclimatized to PNA's since the consortium 
might biodegrade the phenols.
It should be emphasized that the enhanced solubilization 
behavior observed with the nonionics is temperature
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sensitive, and that the apparent HLB optimum may shift by one 
or two units depending on field conditions. Cooling the 
dissolved creosote solutions to 5 °C decreased creosote 
solubility and caused precipitation of fine white crystals. 
The solids slowly redissolved on warming to room temperature.
The preferential solubilization observed in those 
samples that dissolved or emulsified only part of the 
creosote oil was verified by GC/MS analysis of the residual 
oil. The undissolved creosote sample was retrieved from an 
anionic sample containing PA-7, as the amount of surfactant 
partitioned into the oil should be less than for a nonionic 
analogue. This permitted separation of the undissolved 
creosote from surfactant solution with no material loss due 
to emulsification, and minimal interference in the subsequent 
GC/MS analysis of the recovered oil.
Of the originally added 200 mg creosote oil, 100 mg were 
recovered, indicating a solution concentration of 100 mg/50 
mL or 2000 ppm. The density of the surfactant solution with 
dissolved creosote was measured, and found to be only 
slightly increased from 0.9998 g/mL for the surfactant stock 
solution to 1.0001 g/mL for the creosote saturated surfactant 
solution. This change was within the previously observed 
standard deviation of 0.0003 g/mL.
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The GC/MS spectrum confirmed a depletion of low 
molecular weight components and removal of the more soluble 
heterocyclic fraction. The results are summarized in Figure
5.10 and Table 5.8 showing the total ion chromatograms and 
corresponding peak data.
The scale of these HLB experiments permitted ready 
differentiation of surfactant-creosote interaction that was 
unsuccessful in attempted phase behavior tests. The 
difficulty encountered with the latter was formation of dark 
brown-black muds that were impossible to inspect for distinct 
solubilization or emulsification behavior. Another advantage 
of this screening method was the reduced amount of hazardous 
creosote oil used in handling and requiring disposal.
5.3.3 E x t r a c t i o n  . The DU#4 sample of creosote 
contaminated field soil was very wet, about 30 wt% water. 
The dry sample was 10.9 wt% soluble organic matter as 
determined by methylene chloride extraction. During the 
extraction work-up it was discovered that the original 
estimate of 50 - 70 mesh particle size was low: the
particles were clumps or aggregates held together by creosote 
oil. When the creosote was removed by solvent the particles 
were de-agglomerated releasing fines that were trapped in the 
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Figure 5.10 GC/MS Comparison of creosote composition before 
and after equilibration in 1.5 wt% PA-7 
surfactant solution. (a) stock creosote 
spectrum (b) creosote after equilibration with 






















8.75 23.5 47 .2 23 .7 naphthalene, 128
9.71 - 8 . 6 8 . 6 quinoline, 129
10.06 - < 1 < 1 isoquinoline, 129
10.58 27 .4 41. 9 14 .5 methyl
naphthalene, 142
10.73 - 5.3 5.3 indole, 117
11.46 - < 1 < 1 methyl quinoline, 
143
13.24 31.4 42 .2 1 0 . 8 acenaphthene, 154
14 .48 26.7 32 . 8 6 . 1 fluorene, 166
16.80 1 0 0 . 0 1 0 0 . 0 0 . 0 phenanthrene, 178
19.67 58.5 57 .4 - 1 . 1 fluoranthene, 2 0 2
20.15 32 .7 34 .0 1.3 pyrene, 2 0 2
Only major peaks from the corresponding total ion 
chromatograms are listed. Peak RT is the retention time in 
minutes. The Ratio % is the ratio of a given peak area to 
the area of the most intense peak, phenanthrene. The source 
chromatograms are in Figure 5.10.
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sample fraction was lost as trapped fines in the solid/liquid 
separation. This is not believed to represent a loss of 
creosote PNA's since creosote is soluble in methylene 
chloride. The resulting solvent extracted soil was a finer, 
dustier, and lighter colored material estimated as 50 - 100 
mesh fine sand.
The intent of using a real contaminated soil was to make 
the laboratory extraction more representative of the field 
situation where soil contains weathered contaminant. GC/MS 
analysis of the recovered organic residue showed a much 
simpler spectrum than characteristic of fresh stock creosote 
oil. Three major creosote peaks were observed plus a broad 
hump at higher retention times that could not be resolved. 
This hump probably consists of polar humic substances which 
were not resolved on the low polarity capillary column. 
Spectral matching of various parts of the hump indicated 
oxygenated groups, consistent with oxygen containing humic 
substances and/or creosote degradation products.
The major components identified were phenanthrene, 
fluoranthene, and pyrene. The first peak was identified as 
phenanthrene or anthracene with equal matching probabilities 
of 95 % + , so the phenanthrene assignment was based on the
retention time. Table 5.9 summarizes the GC/MS findings.
There was a significant enrichment of three-ring and
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Area % for 
Field 
Sample




16.752 IPhenanthrene 178 19.557 52 .259
19.637 Fluoranthene 2 0 2 52.860 29.974
20.130 Pyrene 2 0 2 27.583 
1 0 0  %
17 .767 
1 0 0  %
The stock creosote area % was normalized for the
three components.
higher PNA's and absence of all typical creosote lower 
molecular weight components such as naphthalene and alkylated 
naphthalenes. The observed ratio of phenanthrene to 
fluoranthene to pyrene in the weathered field soil was 
10/27/14 whereas this ratio in stock creosote oil was 10/6/3. 
The depletion of lighter components may be due to a 
combination of biological degradation, volatilization and 
migration.
Figure 5.11 shows the total ion chromatogram of the 
field sample soil and a chromatogram of stock creosote oil 






Figure 5.11 Total ion chromatogram for (a) organic extract
from creosote contaminated field soil and (b) 
stock creosote solution.
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thus a test of the ability to solubilize and remove the 
heavier fractions of creosote oil and their oxidized 
degradation products.
The initial soil washing experiments compared six 
different surfactants. Nonionic surfactants were the Makon- 
10, APG 300, Neodol 91-8, and Tween 80. Anionic surfactants 
included PA-7 and AVA S-150. The M-10 and PA-7 surfactants 
were selected because they had been previously reported as 
effective in recovering creosote from a gravelly soil (Sale 
and Pitts, 1989) . The Neodol 91-8 was selected as an 
aliphatic biodegradable HLB 14 substrate expected to 
solubilize as much creosote as the alkyl aryl substituted HLB 
13 Makon 10 or HLB 14 Makon 12 or HLB 14.6 Igepal CA 720. 
The alkyl aryl nonionics release persistent phenolic residues 
when biodegraded.
The APG 300 was selected because IFT experiments 
discovered it had the lowest dynamic interfacial tension with 
stock creosote oil. Tween 80 was included because it has 
often been used in solubilization work in microbiological 
experiments (Guerin and Jones, 1988; Lupton and Marshall, 
1978) . The AVA S-150 was selected because its composition 
offers both anionic and nonionic properties.
Some general observations distinguished all the 
surfactant tests from the control washing tests using DI
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water. Wetting and dispersion were observed instantly upon 
addition of surfactant solution to the contaminated soil. In 
contrast, even after several hours of agitation, the control 
soil sample still adhered together as a single clump 
reflecting the extreme hydrophobic nature of the contaminated 
soil. Visually all the surfactant tests suggested rapid 
release or dispersion of creosote with transformation of the 
clear colorless washing solution to a clear yellow liquid in 
about 10 to 15 minutes.
Over several days of gentle agitation turbidity also 
increased in the surfactant test tubes which all finally 
contained dark brown muddy dispersions. In contrast, the 
control tubes developed only a little color and turbidity. 
When the mixing was stopped and after three hours of 
undisturbed settling the control supernatant was almost clear 
with only a trace of light brown coloration. The surfactant 
samples all contained dark brown turbid suspensions. A 
genuine replicate was made of each test because of concerns 
about experimental error inherent in soil sampling and the 
new complication of fines release.
Table 5.10 summarizes the results of the replicate batch 
surfactant washing experiments in which the surfactants are 
listed in descending order of performance. Surfactant 
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between initial contaminated soil and recovered air dried 
washed soil. Lost mass was attributed to extracted 
contaminant, and used to calculate the percent of 
theoretically available creosote that was removed.
Agreement between replicates varied from ± 1.2 to ± 6.9 
% on the observed percent removed creosote, so the pooled 
variance and standard deviation were also determined (Box et 
a l ., 1978) . These were 2 9.5 and ± 5.4 % respectively. More 
replicates and/or larger sample sizes of a controlled model 
contaminated soil would be needed to reduce this margin of 
error.
All of the surfactants outperformed the DI control and 
removed from 34 to 73 % of the available contaminant. Thus, 
the recovered washed and air dried soils ranged from about 3 
to 8 wt% residual contaminant vs. the initial loading of 10.9 
wt%. This level of residual creosote is in the range of the 
reported optimum of 5 wt% for subsequent biodegradation 
(Bartha, 1986).
The color of the washed soils ranged from light brown to 
dark brown black, and was consistent with the apparent 
ranking. The control DI washing only removed 0.006 g or 5.5 
% of the available organic yielding a final soil 
concentration of 10.4 wt% residual contaminant compared with 
the initial loading of 10.9 wt%.
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The amount of water soluble extract in the control 
indicated a contaminant concentration of 0.006 g/25 mL DI 
water or 240 ppm. This is of the correct order of magnitude 
although a little higher than the 2 0 0  ppm previously reported 
by Turney and Goerlitz (1990). The increase may be due to a 
combination of fines carryover and higher solubility of the 
polar humic materials. The small amount of removed organic 
in the DI water control experiment may thus be attributed 
primarily to solubility rather than mechanical displacement 
effects during agitation.
In contrast, the surfactant solution concentrations were 
calculated to range from about 1500 ppm (AVA S-150, 0.037
g/25 mL) to 3200 ppm (Makon 10, 0.080 g/25 mL) . This
reflected a solubility enhancement of 6-13 times over DI 
water control, and corresponding potential enhancement of 
biodegradation rates. This enhancement is somewhat smaller 
than the 1 0  - 2 0  fold solubility enhancement observed for
dilute surfactant solutions with naphthalene, and may result 
from enhanced soil retention of higher molecular weight PNA's 
via association with organic humic substances (McCarthy, 
1987; Sims et al., 1986).
The control sample showed excellent mass balance of 99.6 
% with 0.997 g combined recovered washed soil and extract 
from an original sample of 1.0006 g. Residual organic
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content of the washed soils was checked by back extraction 
with methylene chloride. These results are listed in Table
5.11 with data from Table 5.10 included for comparison.
The best (Makon 10, APG 300) and worst (AVA S-150) 
surfactants kept their rank position but the intermediate 
ones (PA-7, Neodol 91-8, and Tween 80) changed apparent 
order. The observed mass balances were excellent, all above 
99%, so this change is ascribed to possible experimental 
errors such as soil heterogeneity, incomplete extraction, and 
fines removal. The fines were removed prior to solvent 
extraction and it is possible that this small mass fraction 
(about 5 wt%) of soil contained a larger amount of adsorbed 
residual organic.
It is not possible to resolve the relevant surfactant 
variables of HLB, chemical composition, CMC, IFT, and wetting 
alteration without a more extensive and fundamental study 
including synthesis of pure surfactants and detailed soil 
characterization. Relatively pure surfactants of the SDS 
type are available, and have been used in model studies by 
others (Gannon, 1988; Wayt and Wilson, 1988; Jafvert and 
Heath, 1991; Jafvert, 1991), but would be inappropriate for 
real in-situ flushing (see C h . 2 and data in this chapter) . 
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commercial materials, subsequent flushing experiments focused 
on HLB effects with model creosands.
Column flushing experiments were conducted with model 
prepared creosands to eliminate the confounding variables of 
fines release and adsorption to soil humic matter. Table
5.12 summarizes surfactant flushing results for genuine 
replicate and triplicate experiments using a small pressure 
gradient to promote flow. In all these experiments the 
creosote was initially displaced as a bulk phase followed by 
passage of apparently emulsified material. Creosote 
displacement stopped as soon as the surfactant flushing 
solution was switched to the DI water rinse. All surfactants 
removed at least 50% more creosote than the DI water control 
flush.
The percent removed creosote was calculated from the 
mass lost by the washed sand and verified by combustion 
analysis of the recovered sand. The results in Table 5.12 
show excellent agreement, with occasional discrepancies 
attributed to possible variations in creosand packing and 
fluid flow dynamics. Two methylene chloride solvent back 
extractions of the flushed creosand confirmed the percent 
residual calculated from gravimetric data.
Four key findings emerge from the results in Table 5.12. 
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nonionics out-performed the anionic, HLB 14 nonionics out­
performed HLB 13 nonionics, and performance for a given HLB 
number was apparently equivalent among chemically different 
surfactants. These observations are consistent with stock 
creosote solubilization performance reported earlier in the 
HLB tests.
The highest removal efficiencies of 92 to 96% were
obtained for two HLB 14 surfactants. The residual creosote 
was reduced from initial values of 8 to 9 wt% down to 0.4 to 
0 . 6 w t % . One surfactant was an aliphatic ethoxylate (Neodol 
91-8) and the other was an alkyl aryl ethoxylate (Makon 12). 
The apparently equivalent performance suggests the HLB had 
more influence than chemical composition.
The two HLB 13 surfactants were slightly less efficient 
and indistinguishable from one another yielding 90 % creosote
removal and residual concentrations of about 1 wt% creosote.
One surfactant was purely aliphatic (APG 300) and the other 
was an alkyl aryl ethoxylate (Makon 10) . Again the 
apparently equivalent performance suggests the HLB was a more 
dominant variable than chemical composition.
The least effective flushing agent, by far, was the
anionic PA-7. This material removed about 76% of the 
available creosote leaving a residual creosand concentration 
of 2%. The overall performance of the surfactants was better
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in this test than in the batch washing of contaminated field 
soils, but the relative differences were smaller. Since the 
creosote displacement with simple DI water was now a 
significant 4 9% removed versus the previously measured 5.5 % 
removed (Table 5.10), the overall improved performance was 
attributed to the high ratio of viscous flow to capillary 
retaining forces.
Thus, the flow velocity was sufficiently high to affect 
displacement even though the IFT was not ultralow. A 
conservative estimate of the capillary number N c using 0.24 
cm/s linear flow velocity, 1.5 cp for flushing solution 
viscosity, and an average IFT of 2 dynes/cm (for dynamic 
conditions) yielded Nc equal to 2xl0“3. This is close to the 
the estimated required capillary number of 5xl0 -3 for bulk 
phase displacement (see C h .2). Under such conditions 
variations in surfactant performance were nearly levelled 
o ut.
In a larger scale embodiment of the flushing experiment, 
ten pore volumes of surfactant solution were allowed to flow 
through a packed column of the creosand at a linear flow 
velocity of 0.01 cm/sec. This is about 20 times slower than 
in the pressure driven flushing experiments. A conservative 
estimate of capillary number under these conditions, using an 
average IFT of 0.7 dynes/cm (equilibrated) yields Nc equal to
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2.1xl0-4’ This is now an order of magnitude less than the 
estimated required value of 5xl0-3. Bulk displacement would 
not be expected in this regime but rather solubilization 
and/or wetting alteration should be the governing mechanism.
Observations of the column flushing experiments with 
surfactant solutions uniformly confirmed this expectation. 
No bulk phase creosote displacement was observed. Instead, a 
solubilization front moved down through the column as the 
upper portions of creosand were progressively swept clean.
Column effluent was collected in 25 mL aliquots in 
volumetric flasks to monitor density as a function of pore 
volume flushing solution. The graphical results are in 
Appendix 5B and show various profiles for contaminant 
removal. The sharpest and largest density spike was observed 
for Makon 12, supporting the observed highest removal 
efficiency. Other surfactants showed flatter and broader 
effluent density vs. pore volume profiles, consistent with 
lower solubilization efficiency. All showed a sharp density 
drop at about 1 0 - 1 1  pore volumes when the flushing solution 
was switched to DI water rinse.
The column effluent fluids ranged from dark brown 
isotropic solutions to custard yellow emulsions to pale 
orange solutions. In contrast to the surfactant tests, no
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product displacement, effluent density change, or 
solubilization was evident in the control DI water run.
When the flushing experiment was terminated the washed 
creosand was extruded, sectioned in quarter portions and 
inspected for signs of channelling or uneven flow. All soil 
cross sections appeared uniform, and a gradation in color 
from light at the top of the soil column to darker at the 
bottom of the soil column was observed to varying degrees in 
each run. Thus there was no evidence for error due to 
irreproducible heterogeneous packing of the model creosand.
The various surfactants are compared graphically in 
Figure 5.12 and the supporting data are in Table 5.13. Makon 
1 2  clearly stood out as the most effective surfactant in 
terms of creosote removal by solubilization. The average 
amount of removed creosote from triplicate runs was 9 3 . 6 ± 
0.5 % of theoretically available creosote. The average
residual creosote left on the flushed creosand was 0.25 ± 
0 . 0 1  wt %.
The data in Table 5.13 show the originally calculated 
weight percent residuals and those marked "corrected" weight 
percent residual. This correction was determined after 
completion of a control DI water flushing experiment. No 
creosote was observed to have been removed, and this was 











Std. dev. = 0 .5 from triplicate runs
S  % creosote removed from sand combustion data 
H  % creosote removed from liq/liq extraction data
Makon 12 Neodol 91-8 P A -7 Makon 10 APG 300 Control
HLB = 14 HLB = 14 HLB > 40 HLB = 13 HLB = 13
Surfactant Type
Figure 5.12 Comparison of gravity flushing surfactant
extraction of creosote from model creosand, 3.82 
wt % creosote. Error bars on Makon 12 are from 
triplicate test runs. Other error bars are from 
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effluent with methylene chloride. Only 0.1142 g of a noxious 
red oil was recovered from the extraction solvent accounting 
for only 3.27 % of the theoretically available creosote in 
the column. This DI water extract was identified by GC/MS to 
consist exclusively of naphthalene and the more polar soluble 
PNA nitrogen heterocycles (Figure 5.13).
However, combustion analysis of the recovered washed 
creosand indicated that 2 1  % of the original creosote had 
been removed. The difference in the extraction and 
combustion analysis data was a result of semi-volatile losses 
during the air drying step prior to combustion analysis of 
the washed sand. Control experiments with fresh creosand 
showed that during a 24 hour period a reproducible small loss 
of semi-volatiles occurred. Although the mass loss was 
almost insignificant with respect to the mass of the bulk 
creosand, only 200 mg out of a 22-24 g sample or less than 1 
% of the total mass, it was a significant 2 0  % with respect 
to the amount of creosote oil present.
Errors in estimating the amount of creosote removed by 
the various flushing solutions would thus be larger for the 
poorest performers. These solutions would leave more 
creosote on the sand leading to larger semi-volatile losses 
during air drying prior to combustion. A correction factor 





Compound and Molecular 
Mass
Area % Ratio %
8 .77 naphthalene, 128 7.76 18 .75
9.76 quinoline, 129 41.41 100.00
10 .06 isoquinoline, 129 8. 95 21.62
10 .73 1-H-indole, 117 16. 68 40.29
11 .47 methyl auinoline, 143 1. 91 4 . 62
Figure 5.13 GC/MS total ion chromatogram and major peak 
listing for creosote residue recovered from 
control DI water flushing test.
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unwashed creosand and subsequently applied to those sand 
fractions in which at least 0.5 wt% residual creosote was 
obtained. The control air drying data are in Appendix 5C.
The correction factor determined for fresh creosand 
would slightly overcorrect a partially cleaned creosand. 
When the DI control flushing data was corrected for the semi- 
volatile loss the corrected value of residual creosote was 
3.88 wt% compared to the known maximum initial value of 3.82 
w t % . The error bars in Figure 5.12 reflect the difference 
between the weight percent residuals corrected and 
uncorrected for semi-volatile losses and are thus an upper 
and lower bound for the true weight percent residual 
creosote. All pertinent data showing the magnitude of the 
effect and the correction are included in Table 5.13.
The next most efficient surfactant after Makon 12 was 
Neodol 91-8, yielding an average percent removed creosote of
84.3 ± 2 . 9  % and an average residual creosand concentration 
of 0.6 ± 0 . 2  wt%. The produced effluent from this and the 
Makon 12 runs was a dark brown black isotropic solution. The 
recovered washed creosand also appeared very clean. Thus, 
the HLB demand of stock creosote at ambient conditions 
appears to be 14 and surfactants with this optimal HLB can 
efficiently solubilize and remove sand-adsorbed creosote.
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Although the HLB value of Makon 12 and Neodol 91-8 are 
equivalent, the higher degree of ethoxylation of Makon 12 
(average of 12 EO groups) compared to Neodol 91-8 (average 8 
EO groups) may provide more favored micelle palisade 
environment for PNA solubilization. The higher degree of 
ethoxylation is thought to be more important than the change 
in hydrophobe from aliphatic (Neodol) to alkyl aryl chemistry 
(Makon) because the Makon 10 performance was also poorer than 
Makon 12. Makon 10 has the same hydrophobe as its higher 
homologue Makon 12 but fewer ethoxylate groups. Also, APG 
300 has the same hydrophobe as Neodol 91-8, but lacking 
ethoxylate groups was a less effective solubilizer.
These results suggest that future work may achieve 
excellent creosote removal with more biocompatible aliphatic 
surfactants of HLB about 14 if higher molecular weight 
compounds with higher degrees of ethoxylation are chosen. 
Three examples of commercially available candidates of larger 
Neodol 91-8 surfactant are Neodol 23-12 (HLB 14.6, 11.9 EO
g r o u p s / m o l e c u l e ), Neodol 25-12 (HLB 14.4, 11.9 EO
groups/molecule) and Neodol 45-13 (HLB 14.5, 13.0 EO
groups/molecule), and many others also exist (McCutcheon1s, 
1988) . The optimum molecular size or turning point after 
which the CMC will become too high for efficient creosote 
uptake is unknown.
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Inspection of the weight percent residual data in Table 
5.13 for the four column sand fractions recovered from the 
Makon 12 flushing revealed a small trend to higher 
concentrations from the lowest value of 0.214 wt% for the top 
column fraction to the highest value of 0.333 wt% residual 
creosote for the bottom column fraction. This trend was
apparent and of the same magnitude in each of the triplicate 
M12 runs. This trend was much more pronounced in other 
surfactant systems, indicating that solubilization was 
incomplete after flushing with 10 pore volumes of surfactant 
solution, and that continued flushing could remove more 
creosote. An extreme example was observed for the Makon 10 
homologue: 0.541 wt% residual creosote at the top of the
sand column and 2.931 wt% residual creosote at the bottom of 
the sand column.
This unfavorable result with M10 was attributed to the 
in-situ formation of an extremely viscous custard-like phase- 
separating emulsion that was ineffective at solubilizing 
sand-adsorbed creosote. At ambient laboratory temperatures 
of 20 - 21 °C the phase inversion temperature of the
creosote/surfactant solution was exceeded, as conceptually 
illustrated in Figure 5.9. The collected column effluent 
was an anisotropic thick opaque yellow-brown emulsion that 
showed streaming birefringence effects; it separated into a
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clear brown lower viscous phase beneath an upper thin almost 
colorless aqueous phase. A sample of the brown dense phase 
was tested for miscibility with hydrocarbons and water. It 
was not miscible with dodecane, but diluted readily with 
water and then oiled out, suggesting a water external 
creosote-surfactant phase.
Proof that this was a nonionic surfactant phase 
transition phenomenon and not some emulsion kinetic 
instability was obtained by reversibly cycling through phase 
separation and re-solutioning by controlled temperature 
changes. When the two phase ternary MIO-creosote/water 
system was physically dispersed by swirling and cooled to -5 
°C, the thick opaque fluid became thinner and crystal clear 
tea brown. Upon gradual heating up to room temperature 
clouding onset was observed at 17.5 °C , complete turbidity by 
19 °C, and phase separation occurred at 21.5 °C.
Similar changes were observed for M12 but at higher 
temperatures. Clouding onset for the creosote/M12 column 
effluent was observed at 22 °C, and complete turbidity by 32 
°C. The solution was still very fluid, indicating that the 
large micellar aggregate precursors to phase inversion had 
not yet formed. Cooling back below 22 °C yielded the original 
clear dark brown solution.
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In contrast to the nonionic effluents, the column 
effluent of anionic PA-7 was a thin clear orange solution 
stable to local thermal fluctuations. The percent removed 
creosote by PA-7 anionic flushing solution was mediocre, only 
54.2 ± 11.5 %. This was consistent with the previously
o b s e r v e d  inferior PNA s olubilization with anionic 
surfactants.
The production of surfactant solutions with dissolved 
creosote exhibiting vastly different physical properties 
illustrates the importance of anticipating ternary phase 
behavior and thermal effects. These effects were missed or 
not apparent in the batch extraction and pressure gradient 
flushing tests.
Viscosity results for produced column effluents and 
initial surfactant solutions are summarized in Table 5.14, 
and the source data are in Appendix 5 D . The viscosities 
calculated from five to ten replicate tests usually were 
identical. Standard deviations of zero were not reported for 
these exact replicates. Significant variance was observed in 
non-Newtonian, anisotropic or phase separation fluids and the 
corresponding standard deviations are shown for these 
systems.
All the initial surfactant solutions were similar to 
water in viscosity, but some creosote containing effluents
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Table 5.14 Viscosity of Stock Surfactant Solutions and 









0.9 vs.0.90 (CRC) 
1.0 vs 0.92 (CRC)
Makon 12
stock solution 3 wt%
19
23.0 1.2
clear dark brown column 
effluent , first cut
17 19 1.2
clear dark brown column 
effluent, second cut
17 19 1.2




stock solution 3 wt!
24 .0 19 1.2
dark brown translucent 




stock solution 3 wt%
22.5 18 1.3 ± 0 . 2
b r o w n  t u r b i d  column 
effluent second cut,
emulsion____________________
clear dark brown second 
cut solution 





8.7 ± 4 . 5
12.1 ± 5 . 9  
_ _ _ _
APG 300
stock solution 3 wt1
24 . 5 15 1 . 6
opaque yellow emulsion 
first and second cut 
combined
23.5 11 2.3 ± 0 . 3




5.0 ± 0 .5 
80.5
The units of viscosity are centipoise, cp. The first cut of column 
effluent was the first combined 100 mL of fluid, or about 3.3 pore 
volumes. The second cut was the next 100 mL of fluid. CRC was 1985-86 
edition. Re is the Reynolds number.
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developed significant viscosity. The Makon 10 effluent was 
notably 10 to 100 times more viscous than the original 
surfactant flushing solution, depending on the degree of 
phase separation. This may or may not be desirable for an 
in-situ flushing process. Viscosity buildup may favorably 
alter mobility ratios (Lake, 1989), but uncontrolled 
viscosity buildup and phase separation risks formation 
plugging and greater surfactant adsorptive loss.
5.3.4 Surfactant Extraction Modelling with Thin Layer 
Chromatography (TLC) . The different solubilization and 
extraction tests provided benchmark data on extent of 
creosote solubilization and displacement, but none provided 
i n f o r m a t i o n  on p o t e n t i a l  s u r f a c t a n t - c o n t a m i n a n t  
chromatographic phenomena that could occur during flow in a 
porous medium. The TLC experiments were attempted because 
the high surface area of the micron sized silica particles 
and consequent high activity for adsorption were expected to 
amplify chromatographic phenomena unresolved in the small 
scale flushing experiments with medium fine silica sand.
Although TLC is a well known analytical method its use 
to investigate aqueous surfactant-contaminant interactions is 
novel. It is customary to describe the travel of a solute in 
terms of its retardation factor Rf, which is defined as the
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ratio of distance of solute motion to distance of solvent 
motion (Skoog and West, 1971). In the TLC experiments with 
silica-adsorbed creosote and aqueous surfactant solutions an 
additional relative retardation factor RfS was also defined as 
the ratio of solute (creosote) motion to distance of 
surfactant motion. This additional ratio was deemed 
necessary to compare creosote migration in those systems 
where the surfactant/silica interaction was significant 
leading to retardation of the surfactant itself.
The results are summarized schematically in Figure 5.14 
and quantitatively in Table 5.15. This simple screening 
experiment worked surprisingly well: the relative mobility
of creosote in different surfactant solutions was uniformly 
consistent with previous HLB, solubility, and bulk extraction 
tests. Both the distance travelled and amount of creosote 
apparently mobilized was sensitive to the surfactant type.
The position of the creosote was visualized by color and 
checked by uv fluorescence with a black light. The solvent 
front was apparent by a change in the wetting of the silica 
layer. The surfactant front was also visible by a different 
wetting appearance of the silica, and different background 
color under the black light. Various cases of different 
positions of the creosote, surfactant, and water wetting 
fronts are shown in Figure 5.14.
T-4054 427
solvent front
DI water control, 
PA-7 anionic





Makon 12, Igepal CA 
720, Neodol 91-8, 
nonionic HLB 14 - 14.6










AVA S-150, AVA 70, RN-6, 
RN-10, APG 300, APG 325, 
HLB 13 nonionic and 
anionic-nonionic hybrids
partially solubilized creosote 
tailing solution front
Figure 5.14 Thin layer chromatography of creosote in DI 
water control and dilute aqueous surfactant 
solutions. The four types of observed behavior 
are ranked as (a) poor (b) excellent (c) good 
(d) fair.
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Table 5.15 Thin Layer Chromatography of Creosote





Makon 12, 3 wt % 0.2 1.0
Igepal CA 720, 3 wt% 0.2 1.0
1 5 wt% 0.1 1.0
Neodol 91-8, 3 wt% 0.2 0.9
Makon 10, 3 wt % 0.1 1.0
The above surfactants were significantly retarded on silica.
The below surfactants travelled with the wetting front.
AVA S-150, 3 wt % 0.7 1.0, pm
RN-10, 3 wt% 0.9 0.9, pm
APG 300, 3 wt% 1.0 1.0, pm
APG 325, 3 wt % 1. 0 1.0, pm
AVA 70, 3 wt % 1. 0 1.0, pm
RN-6, 3 wt % 1.0 1.0, pm
PA-7, 3 wt % 0.1 0.1
Partial mobilization of the pre-adsorbed creosote is designated by pm 
and corresponds to case (d) in Figure 5.14. The retardation factor Rf 
is the ratio of distance travelled by solute (creosote) to distance 
travelled by solution wetting front. The relative retardation factor 
Rfs is the ratio of distance travelled by solute (creosote) to distance 
travelled by surfactant wetting front.
The optimal HLB surfactants Makon 12, Igepal CA 720, and 
Neodol 91-8 quantitatively mobilized pre-adsorbed creosote 
through the silica and carried it with the surfactant front. 
Their RfS ratios were high values of 0.9 to 1.0 and the 
mobilized creosote travelled as a compact solute band with 
the advancing surfactant front. Only a residual shadow of
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black ash remained at the creosote origin. However the 
nonionic surfactants were themselves retarded by adsorption 
to the silica yielding overall R f  values for creosote of less 
than 0.2.
In contrast, the DI water control and anionic PA-7 were 
ineffective at mobilizing creosote. Only a trace of 
mobilized contaminant was detected as a broad irregular band 
with R f  less than 0 . 0 5  with the bulk of the applied material 
remaining at the origin. That anionic PA-7 was not retarded 
by adsorption to silica is consistent with anionic charge 
repulsion. This would be a favorable characteristic for in- 
situ flooding, but the poor creosote mobilization is a 
disadvantage.
Because the anionic did not separate from solution the 
water surface tension remained depressed and lowered the 
capillary pressure driving force for imbibition (see Laplace 
equation, Ch.2). The solution front travelled a shorter 
distance in one hour than the DI water control.
The nonionic A P G 's and hybrid anionic-nonionc Avanels 
and Ralufons showed characteristics intermediate between the 
ethoxylated nonionics and sulfonate anionic. The enhanced 
hydrophilic character of these materials compared to the 
Makons, Neodol and Igepal surfactants had two pronounced 
effects. Retardation by adsorption to silica was favorably
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inhibited, but the amount of solubilized creosote transported 
through the silica was unfavorably decreased with the bulk of 
the pre-adsorbed creosote remaining at the origin. Only an 
extended unresolved orange band of partially mobilized 
material was observed in these plates. The orange color was 
reminiscent of the recovered orange-red fraction from the DI 
water column extraction, and suggests that only the more 
water soluble heterocyclic components had migrated with these 
surfactant solutions.
The retardation of a solute depends on the relative 
affinity of that solute for the eluant solution compared to 
the stationary medium. The novel TLC experiments confirmed 
the new flushing results in which the optimal HLB nonionic 
surfactants were superior in mobilizing silica-adsorbed 
creosote. In the regime of slow flow relevant to in-situ 
soil flushing, contaminant solubilization was the controlling 
variable. Additional evidence to support this conclusion is 
that produced fluids from a surfactant flushing field test 
were honey colored indicating solution rather than a black 
bank of bulk phase creosote as would be expected from EOR 
type displacement mechanisms (Union Pacific, 1989).
The results from the liquid/liquid solubility tests, the 
solid/liquid column extraction tests, and the TLC mobility 
tests support the interpretation that solubilization was the
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key recovery mechanism. Evidence in the dynamic IFT data in 
Appendix 5A for the optimal HLB surfactants (Tables 5A.7, 
5A.9, 5A.12 and 5A.16) could also support this conclusion.
The IFT values steadily changed with time, indicative of mass 
transfer across the surfactant solution/creosote drop 
interface. The greatest changes were reflected in higher 
standard deviations for the reported average IFT values in 
Table 5.4.
Anionic surfactants with low solubilization of creosote 
gave stable IFT's . This dynamic IFT behavior of optimal HLB 
surfactants may be related to creosote solubilization by the 
surfactant and possibly may be used as an indicator of 
enhanced creosote extraction from contaminated soils.
In a d d i t i o n  to c o n f i r m i n g  an H L B / e x t r a c t i o n  
relationship, the TLC experiments also exposed the increased 
retardation of nonionics on silica versus the less efficient 
anionics. Future process design for in-situ flushing will 
need to consider a cost/benefit compromise between the 
superior solubilizing ability of optimal HLB nonionics and 
their greater retardation on porous media.
5.4 Conclusions
The goal of identifying biocompatible surfactant types 
for efficient flushing of creosote contaminated soil has been
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met. Biological screening experiments found that creosote 
acclimatized bacteria were tolerant of the selected nonionic 
and anionic surfactants. Furthermore, the surfactant HLB has 
been discovered to be a key variable relevant to contaminant 
removal from hydrogeological settings. Thus candidate 
surfactants could reasonably be selected from data published 
in the literature and then ranked by evaluation of a limited 
number of physical properties
The creosote removal process is the result of a complex 
interaction of several variables: IFT lowering, wetting
alteration, solubilization, process flow conditions, soil 
structure, and produced fluid phase behavior. Polyethoxylate 
nonionic surfactants generally outper f o r m e d  anionic 
surfactants under the conditions tested. The anionic 
surfactants and polyhydroxylated nonionics were apparently 
too hydrophilic to interact favorably with the creosote.
For a given set of conditions, extraction performance 
was sensitive to small structural changes in the nonionic 
surfactant. HLB was the single most determining factor and 
should be considered early in the design of a flushing 
process.
The optimum HLB for solubilization of creosote and for 
removal of soil adsorbed creosote with nonionic surfactant 
was 14 - 14.6. Reduction in HLB by only one unit to a value
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of 13 still yielded high solubilization capacity, but at the 
price of lowered cloud point and unfavorable fluid rheology. 
Increasing HLB to 15 still gave clear solutions of creosote, 
but about 50% less solubilization. Correlation of 
solubilization with nonionic HLB (degree of ethoxylation) was 
attributed to preferential association of PNA molecules with 
the palisades region of the surfactant micelles.
Flushing model creosand with about 10 pore volumes of 
optimal HLB surfactant solutions reduced the residual 
contamination from about 4 wt% (40,000 mg/kg soil) to less 
than 0.3 wt% (3000 mg/kg soil). Although a reproducible 
ranking of surfactant performance was observed in extraction 
of c r e o s o t e - c o n t a m i n a t e d  field soils, rationalizing  
surfactant performance was confounded by fines release and 
presence of humic materials . These variables should be 
addressed in future work.
IFT data between creosote oil and surfactant solutions, 
and model solubility experiments with naphthalene were 
insufficient to predict surfactant performance in a flow 
experiment. Some column effluents were emulsions, or 
anisotropic solutions exhibiting streaming birefringence, and 
the large micellar and oil droplet aggregates caused 
significant increases in fluid viscosity. Thus phase 
behavior data would be needed to anticipate rheological
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properties of various probable compositions of produced 
fluids.
Although the critical capillary number for mobilization 
of creosote through medium fine sand is unknown, the results 
from the pressure driven and gravity driven flushing 
experiments demonstrated the effect of different process 
ratios of viscous displacement to capillary retention forces. 
Creosote was recovered as a bulk phase or emulsified phase in 
the high flow experiments, and by solubilization in the slow 
flow experiments. Thus recovery of creosote under normal 
hydrogeological process conditions will likely proceed by 
solubilization. Recovery by IFT-lowering mechanisms 
analogous to EOR would require lower I F T ’s than the lowest 
observed value of 0.2 dynes/cm for binary solutions of APG 
300 surfactant in water.
The pendant drop method was useful in providing static 
and dynamic IFT data. Observation of the interactions 
between creosote and surfactant flushing solution suggested 
that decreasing dynamic IFT with contact time was an 
indicator of solubilization. Pendant creosote droplets that 
were stable in dynamic measurements (anionic surfactants) 
were poor creosote solubilizers.
Remarkable interfacial turbulence was observed in the 
dynamic IFT measurements for creosote with APG surfactants.
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This was attributed to spontaneous emulsification and later 
observed on a larger scale in the produced effluent from 
column flushing experiments. Since this phenomenon was not 
observed with other nonionic surfactants containing the same 
tail group, it is thought to reflect a previously unreported 
interaction between the carbohydrate head group with creosote 
or some of its components. Other phenomena such as the 
Marangoni effect or formation of transient reaction 
intermediates were considered less probable causes of the 
observed interfacial turbulence.
Thin layer chromatography of silica-bound creosote 
worked in aqueous surfactant solutions and is an efficient 
new screening method for ranking surfactant performance among 
and within surfactant classes. The observed relative 
retardation factors ranked the surfactants consistently with 
the more laborious flushing extraction experiments.
Thin layer chromatography may also provide a comparative 
forecast of surfactant-soil adsorption: anionics moved
rapidly through the thin silica layer and nonionics were 
retarded. Anionics carried only a small amount of creosote 
(albeit rapidly) whereas nonionics carried larger amounts of 
creosote (albeit slowly). TLC on plates prepared with 
various mineral oxide mixtures could model transport through 
various soil compositions unique to specific sites.
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There will be no single surfactant that will be optimum 
for all sites and all contaminants. Almost any surfactant 
will improve contaminant recovery over a simple water 
e x t r a c t i o n  (barring r h e ological, g eological, and 
m i c r o b i o l o g i c a l  disturbance) but to improve cost 
effectiveness an optimum structure should be sought.
The most optimum surfactant in this study was Makon 12, 
an alkyl phenol ethoxylate with about 12 moles of EO per 
molecule. This material was selected at the conclusion of 
the work to extend the near optimal performance observed for 
Neodol 91-8 and Makon 10. A 3  wt% solution of M12 formed 
clear solutions of 8000 ppm creosote at ambient conditions 
and was the most efficient in removing creosote from model 
creosand.
The final conclusion is a new protocol for selecting a 
surfactant for a flushing field test prior to enhanced 
bioremediation. The sequence of steps is listed in Table 
5.16. This approach provides a general framework for 
evaluating the potential of surfactant flushing for 
remediation of organic contaminated soils in conjunction with 
biorestoration. It is not limited to creosote contamination. 
It assumes that contaminant solubilization will be the major 
recovery mechanism, and that the investigator is familiar
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Table 5.16 Recommended Protocol for Selecting and
Evaluating Surfactants for Soil Flushing
1. Obtain homogeneous contaminated soil samples.
2 . Determine baseline biological activity
3. Extract the soil organics and characterize for 
composition as well as amount. Save the organic 
extract for HLB and TLC tests
4. Characterize the soil for particle size and
mineral type.
5. Estimate the HLB demand of the organic extract 
based on identified composition.
6. Do HLB test tube solubility tests and TLC
screening using at least three candidate nonionic 
surfactants at HLB ± 1 . 0  of the estimated value.
7. Conduct model extraction test (column flushing or 
coreflood) with the contaminated field soil using 
the apparent best HLB surfactant
8. Consider adjustments to surfactant HLB and
structure as needed for phase behavior, viscosity 
control and contaminant solubilization
9. Confirm biocompatibility of final choice in 
indigenous soil cultures
10. C o n f i r m  p r o d u c e d  fluid t r e a t a b i l i t y  or
suitability for post-treatment release to a 
public treatment works (PTW)
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with the principles of surfactant behavior described in this 
paper.
The last step in Table 5.16 addresses the issue of what 
to do with the produced fluids. Previous work at two 
different eastern cities suggested that once biodegradation 
of recovered coal-tar contaminated groundwater was 
demonstrated, the produced water could be economically 
treated in a public treatment works (Smith et al., 1990).
5.5 Recommendations.
There are four general recommendations to build on the 
findings of this work. First and foremost, the idea of 
optimal solubility of creosote needs to be clarified in terms 
of biological tolerance of the soil bacteria. It is unknown 
if the observed high solution concentration of 8,000 ppm in 
Makon 12 is too high with respect to dissolved creosote 
toxicity to soil bacteria. Preliminary investigations 
suggest not (Ch.4; Updegraff and Batal, 1991), but this issue 
needs to be rigorously settled.
Second, other surfactant structures from the more 
environmentally benign alkyl ethoxylate group should be 
investigated for similar optimum HLB performance in creosote 
solubilization and recovery. Specifically higher molecular 
weight analogues of Neodol 91-8 at constant HLB 14 (therefore
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containing higher degrees of e t h o xylation) should be 
investigated as alternatives to a Makon type surfactant. 
Because of the known sensitivity of nonionics to temperature, 
evaluations should consider the temperature of the intended 
site to obtain more representative data.
Third, the new TLC method should be used for rapid 
surfactant screening prior to conducting bulk column 
extraction tests. It is more time efficient, requires less 
material, reduces exposure risk, could be done in multiple 
batches at controlled temperatures, and yields a permanent 
record in the final developed plate. A useful refinement 
would be to extend the analytical TLC method to a preparative 
scale using "thick" thin layer plates from which mobilized 
contaminant could be quantitatively recovered.
Fourth, as discussed in chapter 3, an analytical method 
suitable for resolving aqueous surfactant/contaminant 
mixtures would be useful for characterization of column 
flushing effluents and quantification of solubilization. 
HP LC and scintillation experiments with radiolabeled 
compounds are two analytical alternatives.
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Appendix 5A
Density Regression Results and Calculated Interfacial 
Tensions for Creosote with Aqueous Surfactants
Tables 5A.1 - 5A.2 are density regression data and analysis 
for creosote and surfactants
Tables 5A.3 - 5A.35 are pendant drop shape data and 
spreadsheet calculations of IFT.
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Table 5A.1 Regression Analysis on Creosote Density
Measured Temp, Estimated Residual Residual
Density Xif Density, R = Yj_-Y Squared,
Yi, g/mL oc Y R 2
1.0983 21.5 1.0982 0.0001 1.856E-08
1.0984 21.5 1.0982 0.0002 5.581E-08
1.0977 22.0 1.0978 -0.0001 5.556E-09
1.0977 22.2 1.0976 0.0001 6.585E-09
1.0973 23.1 1.0969 0.0004 1.382E-07
1.0970 23.2 1.0968 0.0001 1.948E-08
1.0970 23.2 1.0968 0.0002 2.876E-08
1.0957 23.7 1.0965 -0.0007 5.058E-07
1.0964 24. 0 1.0962 0.0001 1.751E-08
1.0957 24.1 1.0961 -0.0005 2.399E-07
1.0955 24.8 1.0956 -0.0001 1.101E-08
1.0954 24.9 1.0955 -0.0001 1.615E-08
1.0950 25. 0 1.0954 -0.0004 2. 018E-07
1.0951 25.7 1.0949 0.0002 3.447E-08
1.0946 26.3 1.0944 0.0001 2.037E-08
1.0946 26.7 1.0941 0.0004 1.884E-07
1.0940 26.7 1.0941 -0.0001 1.344E-08
1.0936 27.5 1.0935 0.0001 2.156E-08
average = 1.096 24.2 sum r 2 = 1.543E-06
degrees of 
freedom n = 18-1=17
Variance = (sum R 2>/n 
=9.07 91E-08
Standard deviation 
= v a riance^2 
________ = 0 . 0 0 0 3
Regression Equation 
Y j = ( - 7 . 7 8 4 3 e - 4 ) X j  + 1 . 1 1 4 9
The sample was stock creosote that had previously been 
serially decanted to remove settling solids.
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Table 5A.2 Regression Equations for Creosote, DI Water and 
Surfactant Solutions
Sample Regression Equation Used to 
calculate IFT
Old creosote Y= -7.7843e-4)X+l.13 62
Washed old creosote Y= -7 .7843e-4)X+l.0848
M 1 0  equilibrated wcreosote Y= -7 .7843e-4)X+l.0677
M10 equilibrated old creosote Y= -7.7843e-4)X+1.0690
Stock creosote Y= -7 ,7843e-4)X+l.1149
De-ionized 18 m-ohm water Y= -2.3573e-4)X+l.0029
APG 225, 3 wt%, pH 8 Y= -2.7872e-4)X+l.0084
APG 300, 1.5 wt%, pH 8 Y= -2.3573e-4)X+l.0062
APG 300, 3 wt %, pH 8 Y= -2.7872e-4)X+l.00 93
APG 300, 3 wt%, pH 8 , saturated Y= -2.7872e-4)X+l.0093
with stock creosote
APG 325, 3 wt%, pH 8 Y= -2.3573e-4)X+l.0078
APG 625, 3 wt%, pH 8 Y= -2.3573e-4)X+l.0074
AVA 70, 3 wt%, pH 8 Y= -2.3573e-4)X+l.00 98
AVA S-150, 3 wt %, pH 8 Y= - 2 .3573e-4)X+l.0103
Igepal CA 720, 3 wt%, pH 8 Y= - 2 .3573e-4)X+l.0060
M10, 3 wt%, pH 8 Y= -2.3573e-4)X+l.0057
M10, 3 wt%, pH 6 .6 , equilibrated Y= -2.3573e-4)X+0.9930
with wcreosote
Ml0, 3 wt%, pH 6 . 6  equilibrated Y= -2.3573e-4)X + 0 .9988
with old creosote
Ml2, 3 wt%, pH 8 Y= -2.3573e-4)X+l.0048
M12, 3 wt%, pH 8 ,saturated with Y= -2.3573e-4)X+l.0055
stock creosote
Neo 91-6, 3 wt%, pH 8 Y= - 2 .3573e-4)X+l.0037
Neo 91-8, 3 wt%, pH 8 Y= - 2 .3573e-4)X+l.0044
PA7, 3 wt%, pH 8 Y= - 2 .3573e-4)X+l.0096
PA7, 3 wt%, pH 8 , equilibrated Y= -2.3573e-4)X+l.0079
with wcreosote
RN- 6 , 3 wt%, pH 8 Y= -2.3573e-4)X+l.0083
RN-10, 3 wt%, pH 8 Y= -2.8470e-4)X+l.0087
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Density vs. Pore Volume Plots for Surfactant Column Flushing
Figures 5B . 1 - 5B.4 show plots of column effluent density
containing creosote dissolved or emulsified in aqueous
surfactant solutions. The change in density as a function of
effluent pore volume was attributed to varying amounts of the 








*  DI water
■----------- 8 -----------
o ft
■ ■ ■ i— '—  i
0 < <
0 2 
T -  23.5 C
6 8 10  
Pore Volumes
1 2 14 16


















T -  23.5 C
—     ,...
8 10 12 
Pore Volumes
16 18 
T -  21.5 C
(b)
Figure 5B.1 Density of Column Effluent vs Pore Volumes of
Effluent for flushing with (a) DI water control
(b) Makon 12. Density vs. temperature endpoints 
for stock surfactant solution and DI water are 
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Figure 5B.2 Density of Column Effluent vs Pore Volumes of 
Effluent for Makon 12 flushing duplicate runs
(a) and (b). Density vs. temperature endpoints 
for stock surfactant solution and DI water are 
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Figure 5B.3 Density of Column Effluent vs Pore Volumes of 
Effluent for flushing with (a) Neodol 91-8 (b) 
Makon 10. Density vs. temperature endpoints 
for stock surfactant solution and DI water are 
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Figure 5B.4 Density of Column Effluent vs Pore Volumes of
Effluent for flushing with (a) APG 300 (b) PA-7. 
Density vs. temperature endpoints for stock 
surfactant solution, PA-7 saturated with 
creosote, and DI water are overlaid to provide a 
density baseline for temperature drift.
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Appendix 5C
Control Air Drying of Model Creosands
Model creosands were allowed to air dry to estimate semi- 
volatile losses as a function of time. This was needed to 
correct for semi-volatile losses for washed creosands that 
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Figure 5C.1 Control air drying of model creosands for (a) 




Viscosity of Stock Surfactant Solutions and Column Flushing
Effluents
Column effluents containing creosote dissolved or emulsified 
in aqueous surfactant solutions showed varying viscosity. 
The viscosity was measured by the falling ball technique. 
Originally collected as 25 mL fractions, effluents for 
viscosity measurement were combined to form three 100 mL 
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